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ABSTRACT 
Transport of oil and gas in various service environments, presents an enormous challenge. 
Pipelines are used for transportation of those natural resources. The failure of the pipeline is always 
associated with serious environmental damage and heavy losses. Very often the failure starts at 
welds that are used to join different elements of pipeline steels. Microstructural parameters like 
composition, structure, morphology of non-metallic inclusions and residual stresses due to welding 
play an important role in initiating the cracking of pipeline welds. 
The main objectives of this research thesis are to analyze the microstructure and mechanical 
properties of submerge arc weld and establish the role of microstructure in initiation and 
propagation of cracks in sour (HIC) environment.  
In this work, the optical microscope, Electron backscattered diffraction (EBSD), X-ray diffraction 
and Transmission electron microscope (TEM) were used to investigate the microstructure of the 
X70 pipeline steel base metal, the weld bead and heat affected zone. The result obtained showed 
that the base metal have equiax ferrite grains while the weld bead have structure of acicular ferrite 
and fine bainite grains with many Al-Si-Mn-Ti oxide particles/inclusions. The heat affected zone 
microstructure has coarse grains with martensite and NbTi(CN) precipitate/particles. Analysis of 
the cross section of the weld shows that higher kernel values were observed in the weld cross 
section compared to the weld top surface. The kernel average misorientation (KAM) analysis at 
the cross section of the weld show that the amount of residual strain is higher than on the surface 
of the weld. The residual stress on the weld top surface was purely compressive while at the cross 
section mixture of tensile and compressive stress were observed. The hardness was the highest in 
the weld bead, a bit lower in the base metal and lowest in the heat affected zone. Higher density 
 iii 
 
of voids was observed at the top of the weld bead than in the middle. It was demonstrated that the 
difference in hardness can be directly correlated with the differences in the grain size.  
HIC cracks were induced in the pipeline weld area using standard HIC test and electrochemical 
hydrogen-charging. The SEM observations clearly indicate that the cracking in the weld nucleated 
at inclusions. The cracks were seen to propagate by coalescence of small pits related to hydrogen 
charging. Energy dispersive (EDS) analyses showed that the cracks nucleation sites are most often 
located at Al-Si-Mn-Ti oxide. The EBSD measurements show that HIC can take place at a wide 
range of grain orientations. The map of the location of HIC crack shows that they can be both 
transgranular and intergranular. 
Experiments were carried out to understand the effect of hydrogen and role of microstructure on 
HIC susceptibility in the steel weld under tensile load. The results show that the ductility of the 
steel weld became lower as charging time increased. EBSD investigation were carried out in the 
heat affected zone area since all the fractured specimens were fractured in this area. The results 
shows that large grains and dislocation density in heat affected zone is related to the high 
susceptibility of the steel weld to fail under tensile load. 
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CHAPTER ONE 
INTRODUCTION 
1.1 Overview 
There is an ever increasing demand to transport oil and gas products in a safe and secured mode. 
Pipeline system are one of the most economic forms of transportation when developing 
hydrocarbon fields in the sea within the offshore zones [1]. According to the global industry analyst  
(GIA) report,  Global market for spiral welded pipes and tubes is projected to reach 24.6 million 
tons by 2018, driven by level of activity in the energy sector, and intensifying pipeline construction 
activity [2]. 
Manufacturing of high strength line-pipe steels to transport different natural resources in a variety 
of service environments presents an enormous challenge. Weld failure has often contributed failure 
of line pipes. The quality of the weld plays an important role in prevention of weld cracking during 
service use. About 60% of oil pipeline failures and 51% of natural gas pipeline failures are the 
result of corrosion or weld failures and hence, weld defects are considered the main stress raisers 
in a pipeline [3]. 
Two factors that were identified to be a major contributor to pipeline failure are weld failure in 
response to mechanical stress and corrosion of pipeline steel according to the report on pipeline 
performance in Alberta, 1990–2012 in 2013 [4]. The role of corrosion or sour service environment 
in pipeline failure have been well studied. However, it is difficult to clearly understand the 
mechanism by which this failure occurs especially with the complex nature of welding [4]. For all 
type of linepipes such as spiral welded or straight seam welded pipe, the welding plays an 
important role in joining of pipeline steels for a long distant transport of crude oil and gas for 
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refining or distribution purposes. Welding is a complex process involving control of the liquid-
solid transformation and structural changes of steel structure, nevertheless its application in joining 
has gained wide acceptance as it produces a continuous strong joints. 
The successful application of welding in joining of pipeline steels makes it possible to produce 
long line pipes for oil and gas transport both offshore and onshore. However, the welding is not 
devoid of challenges related to the high temperature involved in the welding process. Linepipe 
fracture often related to weld failure can lead to environmental catastrophe and significant 
economic losses. Considering the fact that line pipes are designed to serve in rigorous 
environments for several decades, failure risk must be mitigated. Susceptibility of steels to 
hydrogen induced cracking (HIC), sulphide stress cracking (SSC), and stress corrosion 
cracking (SCC) has been reported to be responsible for the majority of catastrophic linepipe 
failures [5, 6]. It has been reported that the mechanisms for these cracking phenomena in steels 
and welds depend on microstructural parameters like composition, structure and morphology of 
non-metallic inclusions as well as mechanical and environmental parameters, such as applied 
stress, type of liquid or gas being transported, groundwater chemistry, among many others [7-9]. 
Several research projects have been conducted to improve the quality of welds by alloying of filler 
metals and varying the welding parameters in order to produce a microstructure that is more 
resistant to cracking as well as allow to reduce the amount of residual stresses. It is vital to know 
how the structure of steel welds can be improved and to understand the role that microstructure 
plays in failure mechanism in linepipe welds. 
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1.2 Motivation 
In the last few years, the oil and gas industry has experience major challenges related transportation 
of crude oil from production rigs to the. The use of linepipe is a rather safe and cheap method of 
oil and gas transport. Line pipe failure is however associated with huge economic loss, It is 
therefore necessary that line pipes have a combination of toughness and strength required to 
function in variety of service environment. Although line pipe weld cracks have been investigated 
in the past, there is a need to generate microstructural and mechanical data in order to help 
understand the effect of service environment in linepipe weld failure. In this work, effort will be 
made to understand changes that occur in the microstructure of X70 steels after welding and also 
how the microstructure of the welded area affect the mechanical properties. A study of the role of 
sour environment will be conducted and will primarily be focused on effects of hydrogen charging 
on microstructure and mechanical properties. 
1.3 Research objectives 
The role of a submerge arc welding process on microstructure of an X70 steel and it mechanical 
properties will be investigated. The microstructure developed during the welding process will be 
investigated and analyzed in relation to failure of the pipe under mechanical load and different 
service environment. The specific objectives include the following: 
1. To relate the mechanism of pipeline weld failure to its microstructure. 
2. To determine microstructural factors that contribute to the weld failure in corrosive and 
hydrogen environments. 
3. To recommend a microstructure that is more resistant to HIC cracking. 
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1.4 Methodology 
The pipeline steels used in this study is an X70 which is widely used to carry oil and natural gas 
over long distances. All of the welded samples are received as plates and pipes. In order to achieve 
the above mentioned objectives, specimens were machined from the as received pipes for 
characterization. Some of the samples were hydrided using the electrolytic or cathodic charging 
method.  Mechanical test such as micro hardness test, tensile test were conducted on the as received 
specimen and hydrogen charged specimen. X-Ray diffraction equipment was employed to evaluate 
the residual stress on the as received welded specimen. Microstructural characterization was done 
using the optical and scanning microscopes. The microstructure, local misorientation and 
crystallographic orientation data was acquired using the Electron backscattered diffraction (EBSD) 
and Transmission electron microscope (TEM) technique. Elemental analysis of the weld and 
inclusions was carried out using the energy dispersive x-ray spectroscopy (EDS) technique. 
1.5 Thesis arrangement 
The thesis is divided into five chapters. Chapter 1 presents an overview of the study, the challenges, 
motivation and main objectives of this research. A comprehensive literature review of previous 
research pertinent to this study is presented in Chapter two. The detailed information about the 
materials and experimental methods used in the study are presented in chapter three. Chapter 4 
presents the result and discussion. A summary of the conclusions drawn from this work and 
suggestions for future work are outlined in Chapter 5. 
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CHAPTER TWO 
LITERATURE REVIEW 
2.1 Composition of X70 pipeline steel 
The American Petroleum Institute (API) 5L X70 is in the class of high strength steels (HSS) 
developed to tackle the demand for sufficient toughness and ductility required to operate in harsh 
environment in offshore application. It possess refined grain and high cleanliness. It is 
characterized by the low sulphur content and reduced amount of detrimental second phases such 
as oxides, inclusions and pearlite. 
The typical chemical composition of HSS steels may vary for different thickness o meet particular 
mechanical property requirement. Usually, they have a manganese (Mn) content up to 2.0 wt% in 
combination with very low carbon content (< 0.10 wt% C). Minor additions of alloying elements 
such as vanadium (V), molybdenum (Mo), titanium (Ti), niobium (Nb), and boron (B). Each of 
this alloying elements helps in the strengthening of ferrite through grain refinement, solid solution 
and precipitation hardening mechanism. For example carbon provide strengthening to the metal 
matrix by precipitation while manganese and molybdenum (Mo) delays the austenite 
decomposition during accelerated cooling, provide strengthening effect and Improves 
hardenability respectively [10-11]. Both elements also play a major role in obtaining a fine grained 
lower bainite microstructure. On the other hand, vanadium (V) Leads to precipitation 
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strengthening during the tempering treatment and act as a strong ferrite strengthener. Titanium (Ti) 
and niobium (Nb) improves strength through grain refinement by suppressing the coarsening of 
austenite grains (TiN formation) and niobium (Nb) retards recrystallization. 
2.2 Submerge arc welding (SAW) 
The submerged arc welding (SAW) technique is a fusion welding process in which the molten 
steel is produced by an electric arc submerged under a granular flux bed. During welding, granular 
flux is melted using heat generated by arc and forms cover of molten flux layer which in turn 
avoids spatter tendency and prevents accessibility of atmospheric gases to the arc zone and the 
weld pool. A schematic diagram of a single-pass wire SAW setup is shown in (Fig. 2.1) 
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Fig. 2.1. Schematic of submerge arc welding system (adapted from [12]). 
 
The flux is fed by gravity from a hopper above, in the path of the moving electrode. Due to high 
welding currents (300 A to 1600 A) and high travel speeds which result in increased heat input 
and deposition rate [13], this technique has been widely used in joining structural members in 
ships, manufacture of pressure vessels, bridge beams, massive water pipes, thin sheet shells e.t.c. 
During welding, molten flux reacts with the impurities in the molten weld metal to form slag which 
floats over the surface of the weld metal. The layer of slag over the molten weld metal is capable 
of preventing atmospheric gas contamination and so improves properties of the weld joint. It 
influences the cooling rate of weld metal (WM) and heat affected zone (HAZ) due to shielding of 
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the weld pool by molten flux and solidified slag leading to a smoother weld bead and reduced the 
cracking tendency of hardenable steel. The slag and flux cover over the weld in the SAW process 
provides a higher thermal efficiency (ratio of energy output to the energy input) compared to other 
welding process such as plasma arc welding (PAW), gas tungsten arc welding (GTAW) and gas 
metal arc welding (GMAW) found to be 47%, 67% and 85% respectively [14]. During welding, 
contamination of the weld is possible due to atmospheric interaction. Hence, SAW is generally 
performed indoors in fabrication shops because it always carries the risk of undesirable level of 
moisture finding its way into the joint or flux and resulting in porosity in the weld. For example, 
elements such as nitrogen and hydrogen are capable of entering the weld pool from the atmosphere 
and moisture in the flux. Nitrogen causes large precipitate of nitrides on cooling while trapped 
hydrogen within metal matrix is capable of causing embrittlement of the metal and heat affected 
zone cracking [15]. Therefore, It is necessary that the SAW process be carried out in a closed 
atmosphere to minimize damaging effect of contaminant from the atmosphere. Fluxes influence 
the weld metal composition appreciably in the form of addition or loss of alloying elements 
through gas metal and slag metal reactions. It covers the molten metal and prevents weld spatter, 
electric sparks and conduct current from the electrode to the work piece [16]. Flux composition is 
an important aspect since the flux plays a very crucial role in achieving quality weld. Therefore 
flux compositions are optimised to ensure that necessary alloying elements are present in the filler 
wire and the flux. Generally, the composition of the flux include halides and oxides such as MnO, 
SiO2, CaO, MgO, Al2O3, TiO2, FeO, and CaF2 and sodium/potassium silicate [17]. Based on this 
composition, the flux is said to be either basic (donors of oxygen) or acidic (acceptors of oxygen). 
Depending upon relative amount of these acidic and basic fluxes, the basicity index of flux is 
decided. The basicity index of flux is ratio of sum of the (wt. %) of all basic oxides to all non-basic 
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oxides [18]. Different authors have investigated the influence of flux basicity index on weld 
composition, microstructure and mechanical properties [19-21]. Conclusion shared these authors 
is that increasing the basicity index (BI) reduces weld metal oxygen content and produces clean 
weld metals with regard to oxide inclusions. 
2.3 Effect of submerged arc welding on steels 
When metals are joined together by welding, the base metal is heated above it melting temperature, 
depending on the geometry of the joints, the base metal cools down rapidly under the conditions 
of restraints. The original microstructure of the region close to the weld region is altered due to the 
severe thermal cycle from the welding heat. This change in microstructure also alters the 
mechanical properties of the metal. The microstructures that develop in welded joints are 
influenced by factors such as base metal chemistry, filler wire, flux and cooling rate. In general 
three different distinct metallurgical zone in a welded joint has been identified [22-23]. They are 
the unaffected base metal (BM), the heat affected zone (HAZ) and the weld metal (WM) or fusion 
zone (FZ). The typical microstructure of an API X70 pipeline steel contain a mixture of different 
product such as acicular ferrite (AF), widmanstatten ferrite (WF), bainite (B), grain boundary 
ferrite (GBF), ferrite with martensite/austenite (M-A)micro constituent.[24-25].  
2.3.1 The heat affected zone 
The heat affected zone (HAZ) experiences peak temperature below the solidus temperature while 
high enough that can change the microstructure and mechanical property of the area compare to 
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that of the base metal. It is the area between the base metal and the weld metal. The microstructure 
at the heat affected zone varied as you move from the fusion zone to the base metal. This is 
attributed to the different temperature experienced by the material. The region closest to the molten 
weld zone experiences the highest temperature as a result the microstructure in this region is 
coarser than other areas.  The degree of change in microstructure in HAZ is a function of the 
amount of heat input, peak temperature reached, time at the elevated temperature, and the rate of 
cooling. Usually, this zone remains the weakest section in a weldment. Conventional zones of the 
HAZ are illustrated by Fig. 2.2 
 
Figure 2.2. Schematic diagram of the heat-affected zone of a 0.15 wt. % C steel indicated on the 
Fe-Fe3C phase diagram [adapted from [25]]. 
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 As illustrated in Fig. 2.2, the HAZ is divided into four regions, namely:  coarse grained (CGHAZ), 
fine grained (FGHAZ) inter-critical (ICHAZ) and tempered zones. It is expected that the peak 
temperature experienced by the base metal decreases with increasing distance away from the 
fusion zone and as a result the grain growth decreases with increasing distance away from the 
fusion line [26]. 
It is well known that the grain size in the heat affected zone is usually coarse. The high heat input 
produce low cooling rate, and produces coarser grains because of the increased length of time spent 
at this high temperature. The fine grained heat affected zone (FGHAZ) consists of fine ferrite 
grains. This is because this region only experience high temperatures enough to form austenite 
during the welding process. However, the peak temperature attained is not high enough to 
completely dissolve the precipitates (carbides and nitrides) in the (FGHAZ) as in the CGHAZ. As 
a result, fine ferrite grains are formed and austenite grain growth is also suppressed. The grains in 
the inter-critical HAZ (ICHAZ), does not transform completely to austenite on heating and as a 
result the grains are refined whereas the austenite may transform to pearlite, martensite or be 
retained as martensite-austenite (M-A) microconstituent. Following the inter-critical HAZ 
(ICHAZ) is the tempered HAZ and base metal. The grain size is not affected because no 
transformation of austenite occurs. Thus, the austenite grain size within the HAZ is regulated by 
the high temperature and the weld thermal cycles that were encountered [26-27]. The mechanical 
properties of the HAZ is also affected due to the change in the grain size in this region. For 
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example, it was observed that the hardness of a welded joint in X65 pipe line steel varied as one 
move across the coarse grained (CGHAZ), fine grained (FGHAZ) inter-critical (ICHAZ) and 
tempered zones [28]. 
2.3.2 The weld metal 
The weld metal is characterized by mixture of completely molten base metal and filler metal from 
consumable electrodes used during the welding process. This zone on cooling fills the gap between 
the base metal plates and bonds them. It is a mixture of the filler wire, flux and base metal that has 
melted during the welding process. The evolution of this microstructure in the weld metal is 
described to be an epitaxial solidification when the grains at the base metal act as the substrate for 
nucleation of crystals during solidification of the fusion zone. Thus, new crystals or grains are 
formed by arranging the atoms from the base metal grains without altering their crystallographic 
orientations [24]. Non-epitaxial solidification occurs when fusion welding is done with a filler 
material or with two different metals and the new grains start forming on heterogeneous sites at 
the fusion boundary. The  microstructure at the weld is greatly affected by the welding parameters 
such as welding voltage, speed, current and the presence of oxide inclusions.[23, 29- 30].  
2.4 Influence of welding parameters on microstructure 
In order to understand the developing microstructure in a weld metal it is important to consider the 
welding parameters applied. It has been well researched that the microstructure that develops in 
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the weld joint is influenced by the chemical composition of the base metal, the filler wire, the flux 
and the actual cooling rate experienced by the weldment during transformation of austenite to 
ferrite [31-33]. These factors includes the heat input (H), alloy chemistry and weld pool geometry 
all of which affect the actual cooling rate (CR) experienced by the weld joint and, consequently, 
its microstructure and mechanical properties.  
2.4.1 Effect of heat input 
Heat input is a relative measure of the energy transferred per unit length of weld. It is an important 
characteristic because, like preheat and interpass temperature, it influences the cooling rate, which 
may affect the mechanical properties and metallurgical structure of the weld and the HAZ [34]. 
It is calculated from equation (2.1) 
𝐻𝐻 = 60𝐸𝐸𝐸𝐸1000𝑆𝑆                                                                                                                                             2.1 
H = heat input (kJ/inch or kJ/mm), E = arc voltage in (Volts), I = current (Amps) and 
S = travel speed (inch/min or mm/min) 
The effect of heat input on microstructure have been extensively investigated by researchers. For 
example, Subodh Kumar et al. [35] studied the influence of heat input on the microstructure and 
mechanical properties of gas tungsten arc welded 304 stainless steel (SS) joints. Three heat input 
combinations designated as low heat (2.563 kJ/ mm), medium heat (2.784 kJ/mm) and high heat 
(3.017 kJ/mm) were selected from the operating window of the gas tungsten arc welding process 
 14 
 
(GTAW). The results of the investigation indicate that significant grain coarsening was observed 
in the heat affected zone (HAZ) of all the joints and it was found that the extent of grain coarsening 
in the heat affected zone increased with increase in the heat input. The average dendrite length and 
inter-dendritic spacing in the weld zone was found to increase with increase in the heat.  
Weld penetration is also affected by heat input. Agilam et al. [36] studied the effect of electron 
beam welding heat input on the microstructure and mechanical properties of Inconel 718. They 
concluded that for five different heat inputs the geometry of the weld (width to depth ratio) was 
changed. This change in heat input also altered the microstructure of the fusion zone (FZ) and the 
heat affected zone. It is therefore expected that increase in heat input is accompanied by an increase 
in the width of penetration and that of HAZ [37].  
Welding is a dynamic process in which the heat source is in a state of constant motion, leading to 
temperature gradient variations across different area of the material, this temperature gradient also 
play great role in the developing microstructure. Another effect of heat input on weld 
microstructure is the microstructural product from the weld process. Sadeghian et al. [38] 
investigated effect of heat input on microstructure and mechanical properties of dissimilar joints 
between super duplex stainless steel and high strength low alloy steel, the result showed that an 
increase in heat input led to a decrease in ferrite percentage, and that detrimental phases were not 
present. They also observed that bainite and ferrite phases were created in heat affected zone of 
HSLA base metal in low heat input,; but in high heat input, perlite and ferrite phases were created. 
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Don et al. [39] showed that increasing the welding heat input could suppress the formation of 
martensite which is commonly observed at low welding heat input. 
Extensive investigations have been conducted on the influence of welding heat input on the 
microstructure and mechanical properties of HSLA steel joints. Nath et al. [40] investigated the 
relationship between the heat input and the austenite grain size, and observed that the prior 
austenite grain size was controlled by the peak temperature (Tp) in the welding thermal cycle 
which was related to the welding heat input. The impact of heat input on hardness and toughness 
was studied by Wan et al [41]. The results of the mechanical investigation indicated that the joints 
made by using low heat input exhibit higher hardness and impact toughness value than those 
welded with medium and high heat input. It can be concluded that higher heat input can cause the 
expansion towards the microstructure’s grain size, but will lead to lower hardness and affect the 
toughness value. Apurv et al. [42] also showed that tensile strength decreases with increase in heat 
input. The micro hardness data values was observed to increases with increase in heat input in 
weld pool and decreases in HAZ zone 
2.4.2 Effect of cooling rate (CR) 
The cooling rate of weldments depends on the heat input by the welding arc. Heat input is 
controlled by three variables, namely: current, voltage and travel speed.  It is generally believed 
that travel speed affects heat input and heat input affects the cooling rate. With higher heat input, 
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the cooling rate is faster and vice versa. During welding, a large amount of heat is applied. 
Solidification of the weld pool takes place followed by cooling to room temperature. The heat 
applied is transferred during and after welding by conduction from the molten pool to the base 
metal and creates the heat affected zone (HAZ) [43-46]. The cooling rate is a primary factor that 
determines the final metallurgical structure of the weld and HAZ. There are many models 
developed for understanding the concept of cooling rate in a welded joint. Among these models 
are the Carslaw and Jaeger’s, thick plate and Adams 2D correlation model [47-48]. Dutta and 
Narendranath [49] did a study on rate of cooling based on the “thick plate model” and “Adams 2D 
correlation”. The results showed a significant cooling rate near the HAZ.  It was found that the 
major influential property in connection with cooling rate, is heat loss.  It is well established that 
microstructure and micro-hardness depend on the cooling rate. Increasing cooling rate generally 
will lower the austenite to ferrite transformation start temperatures [50]. The effect of cooling rate 
on residual ferrite content and composition was evaluated by Vitek et al. [51]. They showed that 
as the cooling rate increased, the amount of retained ferrite increased, the ferrite's chromium 
content decreased, and its nickel content increased. The effect of cooling rate on the evolution 
microstructural product such as allotriomorphic ferrite and pearlite was studied by Madariaga et 
al. [52]. They concluded that lower cooling rates cause the development of other phases such as 
allotriomorphic ferrite or pearlite but a high volume fraction of acicular ferrite can be achieved 
using two stage continuous cooling cycles. The role of cooling rate in a welding process is critical 
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in obtaining improved toughness, ductility and minimal residual stresses in the weld. It is also 
necessary to understand the stability of ferrite under multiple-pass welding conditions or during 
elevated-temperature applications by utilising cooling rate information.  
2.5 Role of alloying element on weld microstructure 
The mechanical properties of submerge arc weld metals are strongly dependent on the 
microstructure developed during solidification and cooling of the weld pool, and also depend on 
the weld chemical composition and cooling rate. The chemical composition is determined by base 
metal and electrode wire composition, dilution, and any chemical reactions in the weld arc from 
the flux. Two major approaches have been pursued to improve the toughness of the WM. One is 
to use different types of fluxes [53-54]; the other is to alter WM composition either through the 
use of newer filler metals [55] or by metal power additions in the WM [56-58]. Most alloying 
elements such as carbon, manganese and silicon increase hardenability through solid solutions 
strengthening, precipitation and substitutional strengthening effect by dissolving either 
interstitially or substitutionally in the weld metals. Small atoms such as carbon and nitrogen 
occupy the interstitial sites while large atoms such as silicon and magnesium dissolve 
substitutionally. The contribution to strengthening for each element varies. Figure below illustrate 
the strengthening effect of some alloying elements. As shown, increase in strength of ferrite iron 
by interstitial carbon or nitrogen is much greater than any substitutional alloying element.  
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Figure 2.3. Effect of alloy addition on solid solution strengthening of ferrite [59]. 
 
The effect of these alloying elements on the development of the microstructure is discussed in the 
following sections. 
2.5.1 Nitrogen 
Nitrogen addition to weld metal as an alloying element has been a subject of discussion by many 
researchers. This is because unlike many elements, it is not a deliberate alloying element as it 
occurs universally in steels and can be picked up from the interaction between base metal, flux and 
the atmosphere during welding process. Most of the effect of nitrogen as seen to be detrimental, 
often associated with embrittlement [60]. Excess nitrogen causes porosity, and as a result, many 
investigators has suggested that it concentration be kept low typically less than 200 ppm [61]. The 
possibility of using nitrogen as an alloying element has been investigated in the past as well, for 
example, Evans [62] observed that nitrogen interacted with titanium and boron and, by a 
combination of solute and microstructural changes, affected mechanical properties in either a 
positive or a negative manner. However, he observed that the toughness of previously optimized 
composition (400 ppm Ti, 40 ppm B) was particularly degraded by nitrogen. Many authors 
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concluded that nitrogen be considered as a deliberate alloying element as it is seems to be 
beneficial under some circumstance. In most cases, the beneficial effects of nitrogen are the result 
of it interaction with alloying elements present [63-65].  
  
2.5.2 Carbon 
Carbon is known to provide matrix strengthening (by precipitation) in pipe line steels. It is known 
to be an effective element in controlling microstructure in steel. Carbon forms carbide and provides 
grain refinement and strong hardening effect in steel. The refining nature of carbon on the 
microstructure has studied by Den Ouden et al. [66] and concluded that the solidification 
substructure is essentially influenced by carbon content. In another research by Evans [67], it was 
found that carbon promoted acicular ferrite, at the expense of grain boundary polygonal ferrite, 
and caused grain refinement of the reheated regions. The strengthening of steel weld due to carbon 
is caused by the carbides and the number of carbide form is influenced by carbon concentration. 
For example Chang et al. [68], investigated the effect of carbon content on microstructural 
characteristics of the hypereutectic Fe–Cr–C claddings and observed that the proeutectic carbides 
in the hypereutectic Fe–Cr–C claddings underwent several microstructural changes in response to 
higher carbon content in the cladding. In another study by same author [69], they concluded that 
the amounts of primary (Cr,Fe)7C3 carbides increased from 33.81% to 86.14% when carbon 
content increased from 3.73 wt% to 4.85 wt%. However, different authors have suggested that a 
high level of carbides in weld metal is detrimental to the microstructure. They reported that 
increasing carbon content from 0.1% to 0.2%, increases the carbides formation while the impact 
toughness is decreased by over 60%. Therefore, the carbon levels recommended in weld metals is 
about 0.05 to 0.15 wt. % in order to control the amount of carbides formed. [70-71]. 
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2.5.3 Aluminium 
Aluminum is known to be a strong oxide and nitride former in the weld metal, however, the role 
of aluminium seems to be the most complex compare to other alloying elements. For example 
Bailey et al. [72] in his work suggested the complex interaction between Ti-A1 and oxygen. This 
work suggested that aluminium is capable of reducing titanium from either the flux and hence limit 
the amount of titanium oxide formation needed for the nucleation of acicular ferrite. Researchers 
have investigated the influence of aluminium content on weld microstructure. [73-74]]. A general 
conclusion shared by these authors is that as the oxygen level is raised through changes in the flux, 
the formation of acicular ferrite is also increased. This suggest that the effect of aluminium on 
microstructure can be altered by changing the flux type and the acicular ferrite formed is associated 
with an optimum level of aluminium. The work of Grong and Matlock [23] showed that there exist 
a critical ratio of oxygen and aluminium interaction in which maximum acicular ferrite is obtained. 
These authors found that the maximum acicular ferrite content was obtained when the ratio [% Al] 
to [%O]2 was ~ 28. Above this level, acicular ferrite formation was substantially reduced due to 
an increase in the inclusion size and a decrease in the number of suitable nucleation sites. 
2.5.4 Chromium and molybdenum 
Chromium and molybdenum are considered as strong hardening agents as alloying elements in 
weld metals. However, Mo has an effect of reducing the size of martensite packets. It Improves 
hardenability and thereby promotes the formation of the desired lower bainite microstructure.  
Bhole et al. [75] observed that increase of Mo content up to 0.881 wt. % in the WM created a-
predominantly acicular ferrite weld metal microstructure with impressively improved impact 
toughness at −45 °C. On the other hand, chromium is a ferrite stabilizer, and it slows down 
austenite-to-ferrite transformation rate. It has been found to impair impact toughness, although it 
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promotes an increase in the percentage of acicular ferrite (AF) [76]. In another study done by 
Surian et al. [77], they observed that Chromium was found to be deleterious to toughness but 
produced a higher proportion of acicular ferrite and a general refinement of the microstructure. 
The effect of molybdenum and it iteration with other alloying elements on weld microstructure has 
also been investigated in the past. Surian et al. [78] observed that though the addition of Mo 
increase the hardness, yield, and tensile strengths of a ferritic high strength SMAW weld metal, 
Mo was found to be deleterious for toughness for 1% Mn, but yielded a maximum toughness at 
0.25% Mo for 1.5%Mn. The combined presence of Ni and Mo in the WM of a submerged arc 
welded HSLA line-pipe steel was also studied by [75]. They observed that it decreased the volume 
fractions of grain-boundary ferrite (GBF) and promoted formation of high toughness of AF. 
2.5.5 Manganese 
The effect of manganese on the microstructure and mechanical properties of arc welds has been 
the subject of many investigations. Manganese is an important alloying element for solid solution 
strengthening. The detrimental effect of sulphur is minimized since it’s able to combine with 
manganese to form MnS and reduces the susceptibility of a steel to hot shortness [79]. 
Transformation temperatures are displaced to lower values as the manganese content increases for 
a fixed cooling rate. Widgery [80] correlated weld microstructure with transformation temperature. 
He observed that a weld containing 88% acicular ferrite transformed over the approximate range 
630˚ to 450˚ C, while a weld having 8% acicular ferrite transformed between 710˚ and 545˚C. 
Studies undertaken by Evans [81] showed that manganese increasingly refined the microstructure 
and promoted the formation of acicular ferrite. Both tensile strength and yield strength increased 
by approximately 10 N/mm2 per 0.1% Mn addition to the deposit and optimal impact is attained 
with approximately 1.5% Mn. Chaveriat et al. [82] observed similar phenomenon. They concluded 
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that Manganese refines the grain size, increases hardenability, and promotes acicular ferrite (low 
temperature ferrites product) by displacing the transformation temperatures to lower values. On 
the other hand, the increase in Mn content develops sensitivity to temper embrittlement as a result 
of a segregation of manganese. Svensson et al. [83] concluded that Manganese tends to segregate 
in the weld metal on cooling. With excessive alloying, the segregation pattern of microphases 
caused decreasing toughness, hence its level has to be limited to prevent manganese segregation 
[84]. It has been studied that reduced Mn content in steels decreases the center line microstructural 
banding [85] 
2.5.6 Nickel 
Nickel is considered to be a weak alloying element and can be added in large quantities. The 
addition of nickel is generally considered to improve the properties of low-carbon steels without 
impairing field weldability and low temperature toughness. Unlike Mg and Mo, Ni tends to form 
less hardened microstructural constituents detrimental to low temperature toughness in the plate 
(increases fracture toughness) [86]. It has a solid solution hardening effect on the microstructure. 
Nickel addition has been reported to have refinement influence on the microstructure. For example 
Taylor and Evans [87] reported that as the level of nickel was increased the amount of grain-
boundary ferrite decreased and the acicular ferrite became progressively refined. This observation 
was equally shared by Bhole et al. [75] who concluded that the combined presence of Ni and Mo 
in the WM decreased the volume fractions of grain-boundary ferrite (GBF) and promoted 
formation of high toughness of AF. Nickel addition depresses the austenite-ferrite transformation 
temperature throughout the weld metal cooling range and as a result, the amount of grain-boundary 
ferrite decreases and the acicular ferrite formation is progressively favored [88]. 
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2.5.7 Oxygen  
Oxygen is apparently a factor of primary significance in determining the weld metal transformation 
behavior. Oxygen in a weld metal pool may come primarily from the flux and the atmosphere in a 
submerge arc welding. However, the most likely source of oxygen is the flux used in the welding 
process since the oxygen from the atmosphere can be reasonably controlled. The oxygen absorbed 
in the weld pool will combine with deoxidizing elements to form oxides, part of which are 
entrapped and will remain as non-metallic inclusions in the weld metal since the solubility of 
oxygen in weld metal is extremely low [89]. Several studies have been made on SAW fluxes and 
the reactions of these fluxes with the molten metal during welding [90-92]. Dallam et al. [93] 
observed that at high oxygen content, a higher percentage of grain boundary ferrite (ferrite veining) 
was observed. By reducing the oxygen in the weld metal, the amount of acicular ferrite was 
increased. With further reduction of weld metal oxygen, the main microstructural feature, instead 
of acicular ferrite, became bainite. Previous investigations [94-96] indicate that oxygen affects the 
weld metal microstructure and the mechanical properties in the form of inclusions. Oxygen exists 
in the weld in the form of finely dispersed oxygen-rich inclusions. These inclusions may be a 
product of the deoxidation process or result from some solid state transformation (97). It has been 
well researched that oxygen content in a weld metal pool play significant role in the formation of 
sufficient amount of non-metallic oxide inclusions. Increasing weld metal oxygen content have a 
direct effect on the microstructure of the weld metal. Chaveriat et al. [82] investigated the role of 
oxygen and manganese in a low carbon steel weld metal microstructures of a submerged-arc welds. 
They observed an increase in acicular ferrite as the oxygen level is reduced from 1400 to 400 ppm. 
However, below an oxygen level of 250 ppm, further reductions in the oxygen content reduce the 
amount of acicular ferrite as bainite formation increases. This result is also very consistent with 
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that of Francis et al. [98]. The volume fraction of acicular ferrite is definitely influenced by the 
oxygen and carbon dioxide content in the argon cover gas. 
2.5.8 Silicon 
Strong oxidizing elements such as Si are added to suppress the formation of cementite and thereby 
stabilize the austenite by enriching it with carbon. However, due to its strong affinity for oxygen, 
Si readily forms oxides. Researchers have investigated the role of silicon on the weld 
microstructure and mechanical properties. Sun et al. [99] observed that the mechanical properties 
of austempered ductile iron (ADI) weld increased with increasing Si content, but an excess of Si 
(3.79%) resulted in decreasing the austemperability owing to decreased carbon content of the 
matrix austenite. However, different authors have observed contradictory behaviour concerning 
the exact role of silicon in weld metal microstructure. Dorschu and Stout [100] reported that silicon 
in the range 0.35 to 0.8wt% has no effect on microstructure on the other hand, it was reported that 
by increasing silicon content from 0.2 to 0.4 wt %, the structure was changed from side plate to 
acicular structure [101]. Opinion shared by another researcher is that increase in silicon level 
encourages the formation of acicular ferrite at manganese levels below 1 wt. %. However, at higher 
manganese levels the influence of silicon is less marked. [81]   
2.5.9 Titanium, niobium and boron. 
Titanium and niobium is known to be strong former of carbide and nitride. Fine carbide or nitride 
particles are able to hinder the movement of grain boundaries, thus reducing the grain size by 
making grain growth more difficult. The reduction in grain size increases their strength and 
toughness at the same time through precipitation hardening. Oxide inclusions of Ti(C, N, O) are 
formed in the weld metal when titanium react with oxygen. These oxide inclusions serves as 
nucleating sites for the formation of acicular ferrites microstructure.  Inclusions containing Ti and 
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Nb have been reported as good nucleating sites for AF. However, trindade et al. [102] reported 
that high Nb content reduces the AF amount in the weld metal while GBF and WF is increased 
resulting in decreased weld toughness. Few research has indicated the role of titanium on the weld 
microstructure. Beidokhti et al. [103] investigated the influences of titanium and manganese on 
high strength low alloy SAW weld metal properties and observed that addition of titanium in the 
range of 0.02–0.08% increased acicular ferrite in the microstructure as well as the impact 
toughness of the weld metal was improved by addition of titanium, but beyond the optimal titanium 
percentage, a quasi-cleavage fracture mode appeared in the specimens. Boron on the other hand 
enhances strength and toughness in the weld metal because it suppresses the formation of GBF. 
Lee et al. [104] investigated the effect of boron contents on weldability in high strength steel and 
observed that the volume fraction of acicular ferrite and the absorbed energy decreased with 
increasing boron contents of about 32 to 60 ppm but significantly decreased with increasing boron 
contents from 60 ppm to 103 ppm while upper bainite instead of acicular ferrite were seen to form 
in the 103 ppm boron weld metal.  This result was found to be consistent with that of Oh et al. 
[105] who observed that the largest volume percent of acicular ferrite was obtained in a weld 
containing 42 ppm of weld metal boron and 420 ppm of weld metal titanium.  
2.6 Effect of inclusions on weld metal microstructure. 
The development of ferritic microstructures in steels has been extensively studied [106-109]. It is 
generally believed that the formation of acicular ferrite improves the mechanical properties of 
steels and weld metals especially the impact toughness due to the interwoven nature of fine ferrite 
plates. This microstructure significantly prevents the initiation and propagation of cracks. 
[109,110]. several authors have studied the role of inclusions in the development of the acicular 
microstructure [111-113]. For example, most authors concluded that oxide and nitride inclusions 
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are necessary for nucleating of acicular ferrites [106, 114-115]. The absence of inclusions in weld 
metals may result in the formation of other microstructures such as bainite which is considered 
detrimental to weld toughness and offers little resistance to crack propagation. 
These inclusions are primarily from the reaction between dissolved Al, Ti, Si and Mn with 
dissolved O, S and N. Wan et al. [116] observed that acicular ferrite laths or plates were formed 
by multiple nucleation on inclusions and sympathetic nucleation or repeated nucleation on the pre-
formed ferrite grains. These inclusions mainly consisted of Ti, Al, Si, Mn and O elements in weld 
metals. Inclusions restrict the growth of austenite grains but at the same time also provide 
nucleation sites for AF. Fattahi et al. [117] concluded that the percentage of acicular ferrite was 
increased due to the uniform dispersion of inclusions containing Ti and the pinning force of oxide 
nanoparticles against the growth of allotriomorphic ferrite and Widmanstätten ferrite from the 
austenite grain boundaries. It has been found that the flux chemistry affects the chemistry and 
morphology of inclusions. In order to properly control the microstructure of a weld metal and 
encourage the growth of acicular ferrite, it is important to ensure the correct concentration of flux 
chemistry since it has been determined to have a direct correlation with the total oxygen content 
in the weld [82]. 
2.7 Hydrogen induced cracking in pipeline steels 
There are many studies that relate the occurrence of hydrogen induced cracking (HIC) in carbon 
steel pipeline [118-120]. It has been widely researched that hydrogen-induced blistering and 
internal cracking can develop in steels without application of external load, when they are exposed 
to an environment with a high hydrogen content. This is very typical of pipeline steels and pressure 
vessels in contact with environment containing wet hydrogen sulphide or hydrocarbons. It is 
believe that hydrogen diffuses in the form of protons inside the structure of the pipe by a means of 
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superficial surface corrosion of the steel [121-122]. And as a results several theories have been 
considered useful in explaining the concept of hydrogen embrittlement. One of the most acceptable 
theory is the internal pressure theory proposed by Zappfe and Tetelman [123-124]. This theory 
claims that the hydrogen atoms are absorbed into the bulk material where they are accumulated at 
different structural defects sites, further aggregation of hydrogen at this site results in a big internal 
pressure, resulting in blister formation and or crack. Hydrogen can be introduced into steel in 
mostly two ways; during manufacturing or repair process and during service conditions. 
Absorption during manufacturing may be during steel making, hot working, heat treatment, 
welding, electroplating and from hydrogenous atmosphere. In the case of linepipe, welding 
provides an excellent means of joining pipelines. However, steels can absorb small concentration 
of hydrogen during welding or due to exposure to sour environment. Hydrogen can be introduced 
into linepipe steel during service conditions by exposure to hydrogenated liquid or gases., therefore 
care must be taken to ensure that hydrogen uptake during welding is completely reduced to 
possible minimum.  
2.7.1 Role of microstructure in hydrogen induced cracking 
 During welding, it has been well researched that certain microstructures such as acicular ferrites 
are preferable since it improves the toughness and hardenability of the weld structure and provide 
maximum resistance to crack propagation by cleavage [29, 125]. During hydrogen permeation, 
hydrogen concentration may exceed a critical level, leading to hydrogen induced cracking. It has 
been studied that cracking in H2S environment is facilitated by the presence of non-metallic 
inclusions such as MnS and a banded structure [126]. The mechanisms for these cracking 
phenomena in steel welds is greatly depended on microstructural parameters like composition, 
structure, and morphology of non-metallic inclusions as well as mechanical and environmental 
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parameters, such as applied stress, type of liquid or gas being transported, and groundwater 
chemistry, among many others. [127-129]. Several authors have researched the role of non-
metallic inclusion, carbides, grain boundaries, dislocations and regions with high stress 
concentrations as potential reversible trapping sites for hydrogen. Traps are generally classified as 
reversible and irreversible. This classification is considered to be based on the strength of their 
bond with the hydrogen atoms. Reversible traps have low trap binding energies while irreversible 
traps are those that trap hydrogen permanently and are associated with high binding energies at 
temperatures close to ambient. Micro voids, dislocations and grain boundaries are considered to 
be reversible traps as they have the capacity to affect the diffusion of hydrogen. For example grain 
boundaries can either increase the diffusion of hydrogen or reduce the mobility of hydrogen by 
providing faster paths for diffusion or act as reversible hydrogen trapping sites at nodes and 
junction points [130-134]. On the other hand, non-metallic inclusions and precipitates are 
considered irreversible traps. Inclusions, complex or double oxide and mixed compound such as 
Al2O3, (Fe, Mn)S, FeO.Al2O3, and Al-Mg-Ca-O have been identified in linepipe steels. However, 
MnS inclusions have been identified by researchers to be strong irreversible trapping sites for 
hydrogen [135-137]. Ren et al. [138] has proposed that internal cavities can occur due to the 
aggregation of hydrogen atoms and vacancies at trapping sites in the microstructure and that the 
internal hydrogen-filled cavity can initiate cracking at the edges of the cavity due to the internal 
hydrogen pressure on reaching a critical size. It is a well acceptable fact that microstructure of the 
steel, grain size, precipitates, the nature of grain boundary and the formation of second phase 
particle plays strong role in HIC nucleation and propagation [120,139]. Nanninga et al. [140] 
investigated the role of microstructure, composition and hardness in resisting hydrogen 
embrittlement of fastener grade steels and concluded that the overriding factor contributing to 
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susceptibility of the steel was strength. They also observed that the degree of susceptibility of the 
microstructures to hydrogen embrittlement ranked in increasing order of fine pearlite, bainite, and 
tempered martensite. The role of ferrite in hydrogen embrittlement induced has also been 
investigated in the past by authors [141-142]. A general conclusion shared by these authors was 
that susceptibility to hydrogen embrittlement increases as the ferrites content increases. However 
Ohnishi et al. [143] pointed out that the effect of delta ferrite content up to 12% on the hydrogen 
absorption of this type of weld metal is not so clear.  Attempts have been made to obtain 
quantitative crystallographic data that is useful in interpreting the relationships that exist between 
the crystallographic characteristics and HIC behaviour in linepipe steels using the EBSD technique 
[144-145], however not enough study has been done that clearly provides crystallographic 
explanation to the mechanism of crack initiation and propagation in acicular ferrite microstructure 
in linepipe weld due to hydrogen embrittlement. Indeed, the relationship between microstructures 
and HIC susceptibility of linepipe weld needs to be studied in order to understand the cracking 
problems induced by hydrogen in the welded region of linepipe used for sour service. Many 
authors have applied the EBSD tool to provide some important cues for understanding the 
crystallographic orientation of grains as well as the orientation surrounding the crack initiation 
sites [121,146], but to date, not much studies have been done on the occurrence of HIC in welds 
using this tool, as most research has been on the effects of inclusions and processing parameters 
of the steels.  It is therefore important to understand the kinetics of crack initiation and how it 
relates to the microstructure of the linepipe weld.  
2.7.2 Hydrogen charging 
Different method has been used to induce HIC in linepipe weld in the past. Among this methods 
are the gaseous charging and cathodic or electrolytic charging method. The most commonly used 
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is the electrochemical charging method. This method has been applied by many researchers 
because it provides a more severe environment for charging compared with the gaseous charging 
method. [147-148]. Although it is recommended that gaseous charging method be used as it 
provides a reduced concentration gradient and represent the likely conditions in which pipeline 
materials will encounter during service [147]. In electrolytic charging, electrolyte is employed. 
During charging, hydrogen exist in the electrolyte as positive protons, and can be absorbed into 
the metal surface. This atom is either combined with another atom or migrate into the bulk of the 
material [149]. In addition to the electrolyte, poison or inhibitors such as arsenic, ammonium 
thiocyanate, and sulphur are added to promote hydrogen ion absorption and inhibit molecular 
hydrogen formation. For example, different authors have employed AS2O3, ammonium 
thiocyanate (NH4SCN) during hydrogen charging in sulfuric acid solution. [146, 150]. In gaseous 
hydrogen charging, diffusion is the main method of transport. Hydrogen diffusion is driven by the 
temperature of the system and the chemical potential gradient in the system [151-152]. Generally, 
it is difficult for molecular gaseous hydrogen to penetrate into the steel. In order for this to happen, 
the hydrogen molecule must dissociate itself into hydrogen atoms through reactions of metal 
hydrides or electrochemical reactions [153]. This dissociation process requires energy and this was 
estimated by [154] to be 434.2kJ/mol. However, this energy requirement may be boosted at the 
surface of specimen because atomic lattice diffusion and dislocation movement may facilitate the 
transport of atomic hydrogen. 
2.8 linepipe weld microstructure and failure 
Microstructural variations across a weld joint has been reported to pose problems to pipeline steels 
because the material properties are strong functions of microstructure [155]. Alloy systems in 
which phase transformations take place in the solid state when cooled from high temperatures 
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(carbon steel/alloy steel) are reported to have more variation of microstructure and as a result 
mechanical properties are affected. For alloys systems such as stainless steels where there is no 
phase transformation in the solid state, it poses problems of hot cracking in austenitic stainless 
steel and lamellar tearing in the steel weld joint due to segregation of elements such as carbon, 
phosphorus, sulphur e.t.c. [155, 156]. 
The development of microstructure in a weld joint has been widely studied in the past [22, 23]. 
For example, Smith et al. [24] characterized the microstructure of a submerged arc welded HSLA 
80 steel using an optical microscope and identified the formation of acicular ferrite (AF), grain 
boundary ferrite (GBF), ferrite with second phase, aligned FS(A) and nonaligned FS(N) and 
polygonal ferrite (PF). Other authors have reported the presence of other microstructures such as 
Widmasttaten ferrite (WF), bainite (B) and martensite. They have attributed these structures to 
certain welding conditions and parameters [24].  
Attempts have been made to relate the mechanical properties of a weld to its microstructure. For 
example certain microstructure such as acicular ferrite has been found to be preferable when it 
comes to improving the toughness and hardenability of a weld structure which is said to provide 
maximum resistance to crack propagation by cleavage [29,125]. 
Several authors have studied the development of acicular ferrite. Chaveriat et al. [82], studied the 
role of oxygen and manganese in a low carbon steel weld metal microstructure and concluded that 
the content of both elements in the weld metal definitely influence the weld microstructure, stating 
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that high oxygen levels decrease hardenability by promoting nucleation sites for the formation of 
high temperature ferrite while manganese refines the grain size, increases hardenability and 
promotes acicular ferrite by displacing the transformation temperatures to lower values. Other 
authors have analyzed the role of inclusion and sizes of inclusion in promoting such a 
microstructure, suggesting that the promotion of acicular ferrite are reduced if the size and number 
of inclusions decreases since they acts as nucleation sites for the formation of acicular ferrite, 
hence allowing direct transformation of austenite at temperatures where bainite and martensite are 
stable [96]. 
In order to clearly understand the developing microstructure in a weld, several parameters such as 
welding speed, heat input etc. need to be considered. For example Bayraktar et al. [157], studied 
the role of the direction of heat flow by observing in interstitial free steels in which welded joints 
are characterized by the presence of very large grains near the fusion line and these grains are 
oriented along the directions of the large heat flow. Boumerzoug et al. [158] also showed that for 
an industrial low carbon steel, the structure is strongly “oriented” and is in some aspects very 
similar to certain solidification microstructure, whose morphology depends also on heat flow. On 
the other hand, it has been found that solidification theory can be applied to welding [157-158].  
Apart from microstructure, another important issue in welding is residual stress. These are stresses 
that remained in a material in the absence of external load. Several methods such as neutron 
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diffraction, X-ray diffraction, hole drilling, impact indentation etc. have been developed for 
measuring residual stresses that are developed after welding [159-164]. It is generally believed 
that welding produces tensile residual stress, and therefore require stress relief after the weld 
process [165-166]. However, different authors have observed the presence of both tensile as well 
as compressive stresses at the weld. For example, Hong Tae Kang et al. [167] investigated the 
effects of residual stress and heat treatment on fatigue strength of weldments specimens using both 
X-ray diffraction and hole drilling method. They stated that compressive residual stresses on the 
surface were obtained from the as-welded specimens, while zero or very low tensile residual 
stresses were obtained from the heat-treated specimens explaining that the compressive residual 
stresses on the specimens tested could have been developed due to the difference of cooling rate 
at surface and sub-surface of weldment. The surface was cooled earlier than the sub-surface and 
the hard surface constrained thermal shrinkage of the sub-surface, which resulted in compressive 
residual stresses on the surface of the welded toe area.  
Residual stress has been reported to be influenced by many factors including manufacturing 
processes, chemical compositions, thermal constraint and material properties of the base metals. 
The distribution of residual stress around the weld is also determined by factors such as welding 
procedures, geometry of the parts been joined as well as welding fixtures [168]. 
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On the role of residual stress to weld failure, more than the absolute values of the residual stress, 
it is the stress gradient that is important for any failure and in order to reduce the stress gradients, 
post weld heat treatment is carried out so that not only the stresses are reduced but the stress 
gradients are brought down as well. [155]. It must be stated that failure of weld is not solely due 
to residual stress alone, rather a combination of several factors such as inclusions and mechanical 
stresses during service, for example, Lin et al.[169] reported a catastrophic failure of an API 5L 
X52 spiral welded pipe along the weld line.  By close examination of the microstructure of the 
failed pipe, they showed that the pipe failed as a results of the presence of inclusions aligned along 
the fiber rolling texture in the base metal.  They also concluded that the combination of welding 
residual stresses and stress concentration played a great deal in the easy propagation and growth 
of crack along the weld line and the subsequent failure of the pipe. 
Amidst other factors, thermal constraint has been reported to be a major factor in raising the 
residual stresses during welding in offshore installation of linepipe.  Zeinoddini et al. [170] 
analyzed the effect of after weld repair on the residual stress distribution. They develop an 
experimental investigation of the welding and repair process operated in offshore pipelines during 
fabrication to remove inspected defects and measured the residual stresses due to repair welding 
by means of hole drilling and sectioning methods. They showed that the residual stresses are quite 
large, compared to the original welded pipe. 
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Many work has been done in order to minimize the amount of residual stress after a welding 
operation. For example, Dewan et al. [171] studied the effect of post-weld-heat-treatment (PWHT) 
on the residual stresses, grain size, micro-hardness and tensile properties of AA-6061-T651 
aluminum alloys (Al-Mg-Si). They observed that lower residual stresses are obtained in the post-
weld heat treated specimens and concluded that the post-weld heat treatment enhanced tensile 
properties for the redistribution of microstructures and residual stresses. On the influence of 
microstructure and residual stress, Kang et al. [172] compared the fatigue life of two weldment, 
they observed that cracks initiated and propagated in the weaker welded material and not in the 
stronger HSLA eye bar and concluded that the effect of residual stresses overwhelmed that of 
microstructure on fatigue strength of welded. 
Understanding pipeline failure requires a broad approach that must take into account several 
factors involved in the manufacturing process. In the past, failure in pipeline weld has also been 
attributed to manufacturing defect. Bernasovsky [173] carried out a report of cases of failed spiral 
welded pipes. In this case (spirally welded pipe OD 720 x 8 mm) 1.8 m long crack was running 
along the spiral weld. The initiation point was in the place where the spiral weld meets the tie strip 
weld. He stated that the spiral weld exhibits very high misalignment of both linear and opposite 
runs and concluded that the crack was initiated by liquid metal embrittlement (LME) of remelted 
copper which came from abrading of Cu electric contact rods applied during manufacturing. 
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CHAPTER THREE 
MATERIALS AND METHODOLOGY 
3.1 Materials 
API X70 pipeline steel was used as the base metal. The line pipe was welded with a double V-
shaped weld pool by the submerge arc welding (SAW) technique. Two welding passes were 
applied to complete the joint. The chemical composition of the X70 base metal and the welding 
parameters used are summarized in Table 3.1 and Table 3.2, respectively. The current and voltage 
used in the welding are represented by “I” in amperes and “V” in volts, respectively, and the heat 
input is represented by “HI” in kJ/mm. The lead and trail are the different electrodes used in the 
weld process.  
Table 3.1. Chemical composition of base metal. 
Element C Mn P S Si Cu Ni Cr V Nb Ti Al N Ca Sn C.E 
Wt. (%) 0.06 1.59 0.014 0.002 0.2 0.24 0.13 0.09 0.003 0.079 0.012 0.03 0.004 0.0038 0.003 0.24 
 
Table 3.2. Welding parameters used. 
Diameter 
(Inches) 
Travel 
Speed 
(IPM) 
Inner Weld Outer Weld 
  Lead Trail Lead Trail 
19 42 
I 
(A) 
V 
(Volts) 
HI(KJ/mm) 
I 
(A) 
V 
(Volts) 
HI(KJ/mm) 
I 
(A) 
V 
(Volts) 
HI(KJ/mm) 
I 
(A) 
V 
(Volts) 
HI(KJ/mm) 
750 30 1.34 540 34 1.03 1000 32 1.80 600 36 1.8 
Electrode LA-81 LA-90 LA-81 LA-90 
Flux OK 10.77 Ok 10.77 Ok 10.77 OK 10.77 
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3.2 Hardness test 
The micro hardness tests were conducted using a Mitutoyo [MVK-H1] micro Vickers hardness 
testing machine located in room ENG2C25. The specimen was subjected to a load of 200 gf for 
10 seconds. Five hardness measurements were obtained for each point and the averages are 
reported. The hardness profile map measurement was conducted using a Durascan-70 Automatic 
Hardness testing machine equipped with ecos-workflow software for generating the hardness map 
using an interval of 1 mm between test points.  
3.3 X-Ray Diffraction  
The residual stress measurements was done using a Bruker AXS with an area detector system and 
Cr Kα radiation to collect the X-ray diffraction patterns. The shift in the position of diffraction 
peaks was used to estimate the strain in the samples. During post processing of the acquired data, 
these strains were analytically converted into stresses. The interplanar spacing for (hkl) pole is 
expressed as Eq. 3.1 [174]:  
dhkl(ψφ) = d0 [ 1+s1(σ11+ σ22)+1/2s2σφ sin2(ψ)]      (3.1) 
where ψ is the angle between the specimen normal (z-axis) and the direction of strain 
measurement, φ is the rotation angle that the goniometer has undergone at any instant of the 
measurement, d0 is the interplanar spacing of the unstrained material, s1 and s2 are the X-ray elastic 
constants, σ11 and σ22 are the stresses expressed in the sample reference frame, and σφ is the 
residual stress of the material. The ψ angles used for the ferritic steel were 0, 10, 20, 30,40,50,60 
and 70º. The {200} planes with a peak at the 2θ value of 106.6º were considered for the 
measurements. All the data were corrected for the errors caused by the effect of background and 
absorption. 
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3.4 Electrochemical hydrogen charging. 
An electrochemical charging method was used to induce HIC in the specimens. In this work, a 
charging set up described in the previous work by Mohtadi-Bonab et al. [146] was used to induce 
HIC in the test plates containing the welds. In this method, 0.2 M sulfuric acid solution was used 
for charging and 3 g/l ammonium thiocyanate (NH4SCN) was added to the solution as a 
recombination poison to prevent formation of hydrogen bubbles on the surface of the specimen 
and as a result increase the amount of hydrogen entering the steel. Two specimens from the as-
received weld plate were cut with dimension 25 mm x 19 mm x 4.2 mm. All specimens were 
ground with 120, 220, 500 and 600 SiC emery paper to remove the rough weld surface and 
degreased using acetone ultrasonically for 15 minutes. The specimens were then separately placed 
in a glass test vessel and the vessel was filled with 2 L of charging solution. The current was 
supplied by an Instek DC power supply with a constant current of 20 mA/cm2. The steels were 
then electrochemically charged for 4 hours and 24 hours. In order to prevent the decrease in pH of 
the charging solution through evaporation, the glass vessel was firmly covered with a para film. 
For the tensile specimen, each specimen was charged for 5, 10, 15 and 30 minutes, while another 
batch was charged for 2 and 10 hours. 
3.5 Microstructural evaluation 
In this work, convectional metallographic preparation procedure were used. The specimens were 
hot mounted and ground with 120, 220, 500, 600 and 800 SiC emery paper to remove the rough 
weld surface. This was preceded with 2000 and 4000 SiC emery paper. In order to produce a 
shining and mirror-like surface finish, 9 µm MD-Largo cloth with 9 µm MD-Largo suspension 
were used. Diamond polishing was done using 3 µm MD-Mol with 3 µm MD-Mol suspension and 
1 µm MD-Nap cloths with 1 µm MD-Nap suspension. For optical microscopy (OM) examination, 
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the surface of the steel was etched using a 2% nital solution. The optimum etching time for each 
steel used in this study was 10 s. The optical microscopy evaluation was carried out using Nikon 
MA100 inverted microscope with a Pax-it! Image analysis software. 
3.6 Scanning electron microscopy observations and electron backscattered diffraction 
measurements  
For SEM and EBSD microstructural characterization, specimen were machined, samples were 
firstly polished using conventional metallographic polishing techniques above and followed by 
colloidal silica polishing using a vibrometry device for 8 hours. SEM, and EBSD studies were 
conducted using a field emission scanning electron microscope (Hitachi SU 6600) equipped with 
an Oxford Instruments NordlysNano EBSD detector that acquired diffraction patterns using 
AZTEC 2.0 data acquisition software (compatible with the detector) with a binning of 8 × 8 pixels. 
The microscope was operated with primary electron energy at 30 keV and a step size of scans 
(0.145 μm) was maintained for all the measurements. When EBSD measurements were completed, 
the EBSD raw data was analyzed using Oxford Instruments Channel 5 post processing software. 
Initial post processing of the raw data consisted of removing mis-indexes and wild spikes. This 
software allows the identification of the grains and grain boundaries. Grain boundaries (GB) are 
defined as continuous regions of misorientation (misorientation angle >5º) between grains. GBs 
with a misorientation angle below 10º were considered as low angle GB (LAGB). Average 
misorientation is also calculated within the grain at each measurement point with respect to all 
eight neighbor sites (in a square grid) provided that any of this misorientation not exceeds 5º [175]. 
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3.7 Void Size Statistics 
In order to measure size and distribution of voids in the sample, at list five SEM micrographs were 
acquired in two magnifications of X500 and X1000 for different areas in the weld. The 
micrographs were then imported to visual basic (VB) software for calibration. The voids were then 
counted and averaged over each area. 
3.8 Transmission electron microscopy (TEM)  
TEM was used to analyze the WM microstructure and inclusions more closely to help understand 
the features associated with AF development. TEM study was done using FEI’s Tecnai Osiris in 
Canmet MATERIALS Laboratory, Hamilton. The TEM is equipped with X-FEG gun operating at 
200 keV. The samples were prepared using precision ion polishing system (PIPS). Conventional 
bright field, dark field imaging, selected-area diffraction (SAD), convergent beam electron 
diffraction (CBED) techniques were used for phase identification and crystallography. The STEM 
mode using bright field (BF) and high angle annular dark field (HAADF) detectors were used in 
combination with EDS. The EDS mapping was done using ESPRIT software, and deconvolution 
of overlapping peaks was applied.  
3.9 Tensile test 
In order to understand the role of tensile stress on HIC susceptibility in pipeline steels the 
experimental setup shown in Fig.3.1 (a) was used to conduct tensile test experiments. The setup 
can be also used for the stress corrosion-cracking (SCC) test, hence it is named the environmentally 
assisted stress-cracking system (EASCS). Fig.3 (b) shows the specimen configuration in inches 
used for the tensile test. The specimens used are categorized as received and charged. The strain 
rate for the tensile experiment was 0.000787/s. 
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Figure 3.1 (a) EASCS setup used for tensile test and (b) tensile test specimen. 
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CHAPTER FOUR 
RESULTS AND DISCUSSION 
This chapter begins with characterization of the X70 steel, the WM and HAZ. Additional data on 
grain size, kernel misorientation and grain boundary statistics are provided. In-depth discussion on 
the nature of acicular ferrite and inclusions in the different zones of the weld using TEM would be 
carry out. In this chapter, detail discussion will be done on the nature of residual stresses developed 
in the welding process using X-ray diffraction, the hardness distribution around the weld and 
recrystallization phenomena that resulted from thermal cycles. 
The chapter ends with the discussion on the effect of hydrogen on crack initiation, propagation 
and the role of microstructure in HIC. 
4.1. Microstructure characterization of X70 pipeline welds 
The microstructural characterization was carried out in different regions of the welded joint as 
indicated by arrows in Fig. 4.1 in order to assess the impact of welding on the steel microstructure. 
 
Fig. 4.1. Schematic of the weldment indicating different positions used for EBSD and optical 
microscopy investigation. 
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 Fig. 4.2 show the microstructure of the base metal in X70 steel. Fig. 4.2(a) and 4.2(b) show the 
inverse pole figure (IPF) map and band contrast images obtained from the EBSD pattern imposed 
with grain boundaries respectively. It can be clearly seen that the microstructure has equiaxed 
ferrite grains. Grain boundaries are displayed in different colors according to the defined grain 
boundary misorientation. Grain boundaries having misorientations less than 5º are regarded as 
low-angle grain boundaries (LAGB) and are represented by red lines while the blue lines represent 
those with misorientations of 5 to 10º. The black lines represent high-angle boundaries (HAGBs) 
with misorientation of 15º or higher. Fig. 4.2(b) shows a distribution of all the grain boundaries 
typical of hot rolled steels and may be attributed to the manufacturing process.  Fig. 4.2(c) shows 
the optical microstructure of the base metal that was etched in 2% natal solution. It can be seen 
that the microstructure is typically an equiaxed ferrite/pearlite microstructure and this is in 
agreement with results obtained from EBSD in Fig. 4.2(a). 
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Fig. 4.2. (a) EBSD scan map (b) image quality with imposed grain boundaries and (c) optical 
micrograph of the base metal. 
 
Fig. 4.3(a) is an EBSD scan of the WM corresponding to point A in Fig. 4.1. The weld 
microstructure shows a colony of grains which are of certain crystallographic orientation but 
contain submicron grains which are predominantly acicular ferrite grains. Fig. 4.3(b) is a scan of 
each packet or colony shown in Fig. 4.3(a). It shows the acicular ferrite and it inter-locking 
features. The AF plate microstructure represents an intragranular ferrite grains with an aspect ratio 
of 4:1 derived from non-metallic inclusions [176]. The characteristic microstructure of AF has 
been defined by other authors [176,177] to be fine grain size, irregular-shape and align in arbitrary 
directions. Such microstructure can be grouped into packets having the same orientation between 
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neighboring laths, it is regarded as an excellent microstructure with good strength and toughness. 
Fig. 4.3(c) represent the band contrast with imposed grain boundaries, it can be seen that most of 
the grain boundaries between the acicular ferrite microstructure are HAGBs. Such boundaries can 
create obstacles to cleavage crack propagation because of the frequent change of the crack 
propagation path [178]. Fig. 4.3(d) is the optical microscope image of the WM. This area is 
typically comprised of acicular ferrites and this observation is consistent with that data obtained 
from EBSD in Fig. 4.3(a) and Fig. 4.3(b).    
 
Fig. 4.3. (a) EBSD scan map of the weld metal (b) high resolution EBSD scan of weld metal (c) 
image quality (IQ) map with imposed grain boundaries and (d) optical micrograph of weld metal. 
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Fig. 4.4 shows the EBSD map and the image quality of the HAZ corresponding to point B (Fig. 
4.1) with imposed grain boundary. Fig. 4.4(a) illustrates the coarse-grained and fine grained HAZ 
microstructure. These zones consist of bainite, martensite and ferrite. It can be seen that the grain 
size of the HAZ changes gradually when moving from the fusion zone. Since the CGHAZ is the 
zone that is closest to the fusion zone, the grains in this zone tend to grow and become coarse.  The 
coarsening of the microstructure is due to high heat input during the weld process.  It is well known 
that during welding, the HAZ does not experience melting but, a microstructure is changed due to 
phase transformation; the region closest to the weld experiences the highest temperature and as a result 
appears to have largest grains compared heat affected zone that is farther away from the weld [179,180]. 
Fig. 4.4(b) show different subzones of the HAZ. One can see that there is variation of the grain 
boundary structures with distance from the CGHAZ to the FGHAZ. The volume fraction of low 
angle grain boundaries with misorientation less than 5° is observed farther away from the CGHAZ. 
The distribution of HAGBs is also observed to be less in the CGHAZ compare to FGHAZ. HAGBs 
has been reported to be good for maintaining good toughness in the HAZ since its able to arrest 
crack propagation [181,182]. It should be noticed that in all subzones, although the densities of 
low angle boundary are different, most of the low angle boundaries (blue line and red line) and 
appear to be found within the prior austenite grains. This indicates that the grain coarsening 
mechanism in the prior austenite grain may have played a great role in this phenomenon. It is 
therefore of interest to investigate the overall distribution of grain boundaries that may exist within 
the austenite grain. Fig. 4.4(c) is an optical image showing prior austenite boundaries. The 
microstructure is a ferrite matrix with lath bainite and M/A constituent. 
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Fig. 4.4. (a) EBSD map (b) image quality with imposed grain boundaries showing the subzones 
and (c) optical micrograph of the HAZ. 
Fig. 4.5 shows the EBSD map, image quality and OM image at the interface of the WM and HAZ 
(Fig. 4.1). Fig. 4.5(a) shows the microstructural changes that occur as a result of the welding 
process in the various regions. The morphology of the grains in different regions is clearly 
observed in the image (Fig. 4.5(a)). It can be seen that the grain size increased when compared to 
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the initial base metal grain size. (Fig. 4.2(a)). The figure showed that the grain size gradually varied 
with distance from WM to HAZ. Fig. 4.5(b) shows the band contrast images imposed with grain 
boundaries. The density of high angle boundaries appears to be higher in the weld bead compare 
to the HAZ.  Fig. 4.5(c) shows coarse directionally solidified grains entering into the weld bead. 
It shows the presence of allitriomorphs ferrite grains. This particular morphology may be attributed 
to a rapid solidification rate and is a result of the lower ambient temperature of the base metal at 
the initial states of welding process. This observation suggest that the heat inputs during welding and 
water jet dilution after welding have a synergistic effect on the grain size and morphology.  Thus, 
we observe such contrasting microstructural features. 
 
Fig. 4.5. (a) EBSD scan map (b) image quality with imposed grain boundaries and (c) optical 
micrograph showing weld metal/HAZ interface. 
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4.1.1. Microstructural changes across weld depth 
Fig. 4.6 (a-d) demonstrates the microstructure of different points corresponding to point C, D, E 
and F (see Fig. 4.1) within the cross section of the weldment. One can see that Fig. 4.6(a) comprises 
mainly of fine acicular ferrite and there is no evidence of grain boundary phases. Fig. 4.6(b) 
comprises of mainly acicular ferrites and shows the presence of grain boundary phase such as 
proeutectoid. The microstructure in fig. 4.6(c) indicates an increase in the grain boundary ferrite 
phase. Fig. 4.6(d) is consist of mainly acicular ferrite grain boundary phase (i.e. proeutectoid and 
widmanstattten ferrites). The volume fraction of the ferrite phase appear to be higher compare to 
the other points (C, D and D (Fig. 4.1)) in the weld depth. The structure observed at the points C, 
D, E and F corresponding to Fig. 4.6(a-d) could be ascribed to the slower cooling rate of the weld 
at the centre compared to that on the surface. The slower cooling rate allow grain coalescence and 
grain growth that ultimately can coarsen the microstructure. 
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Fig. 4.6. Optical micrographs showing variation in microstructure in the weld cross section at (a) 
2 mm (b) 4 mm (c) 6 mm (d) 8 mm from weld top surface. 
 
Fig. 4.7 show the EBSD map and image quality images of the cross section of the weld 
corresponding to point D, E and F (see Fig. 4.1). One observes that the microstructure is finer at 
the surface of the weld compared to the points towards the center. Fig.4.7 (a), (b) and (c) show the 
EBSD orientations maps of the weld. One can see that the larger grains formed at the mid-weld 
are similar in orientation to the surrounding microstructure, and are located next to the original 
austenite grain boundaries. This similarity in the orientation indicates that after the austenite to 
ferrite transition and formation of the acicular ferrite microstructure, the larger grains may have 
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been formed by coalescence of smaller ones followed by grain growth during the slow cooling of 
the mid-weld microstructure. The cooling rate was fast for the microstructure next to the surface, 
thus there was not enough time for grain coarsening. In comparison, the intensity of the 
interlocking features increases with depth of weld. Throughout the weld, each ferrites packets are 
predominantly of certain crystallographic orientation. From the observation, we can see that the 
top exhibited a seemingly more equiaxed microstructure with less chaotic arrangement of the 
plates compare to the other areas located at some depth in the depth of the weld. This may be 
related to the cooling gradient in the solidification process as well as the role of inclusions in 
ferrites nucleation. It is generally expected that the cooling rate is higher at the top surface 
compared to the middle of the weld, and thus could have resulted in the microstructural variation 
between these points (D, E and F) [82, 96]. Fig.4.7 (d), (e) and (f) show the image quality map 
with grain boundaries of the weld. As seen, the weld cross section is composed predominantly of 
high angle grain boundaries. Possible reason for this development will be explained in the 
following section. However, it is well known that high angle grain boundaries provide resistance 
to crack propagation.  
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Fig. 4.7. EBSD scan maps and image quality with imposed grain boundaries of weld metal cross 
section at 4 mm (a and c), 6 mm (b and e) and 8 mm (c and f). 
 
4.1.2. Grain boundary statistics 
In order to examine the crystallographic features of AF shown in the Fig. 4.8(a) and 4.8(b), grain 
boundary statistics was evaluated. Figure 4.8 shows the schematic of the weld indicating the 
different areas where measurement was taken and grain boundary distribution obtained from 
EBSD analysis at these three different areas. Figure 4.8(b) shows a homogenous distribution of 
both low and high angle boundary. This observation is consistent with the microstructure observed 
in Fig. 4.2 and may be related to some thermomechanically controlled processing (TMCP) used 
during steel manufacturing. Fig. 4.8(c) represent the grain boundary misorientation of the top 
surface of the weld. We can see a complete absence of misorientation boundaries in the range of 
20 to 47 º. This typical crystallographic characteristics of acicular ferrites has been found to be 
related to the character of the austenite-to-AF transformation having the Kurdjumov-Sachs (K-S) 
and Nishiyama-Wasserman (N-W) orientation relationships [176, 183, 184]. This observation 
 53 
 
further reinforces the assertion that the acicular microstructure shown in Figure 3(a) represents a 
packet structure containing submicron grains. Figure 4.8(d) describes the distribution of grain 
boundaries in the weld metal cross section. It can be clearly seen that the cross section also exhibit 
absence of misorientation across boundaries in the range of 20 to 47 º.  From the grain boundary 
character distribution on the top surface and on the cross section (points B and C Fig. 4.8), it may 
be concluded that the grain boundary distribution in the weld is bimodal and boundaries of the 
acicular ferrites are mostly high-angle boundaries with misorientations greater than 47 º.  
 
Fig. 4.8. Grain boundary distribution at (a) base metal (b) top weld surface and (c) weld metal 
cross section. 
 
 
 
 
 
 54 
 
4.1.3. Kernel misorientation 
The average kernel misorientation (KAM) represent the average misorientation of each 
measurement point with respect to all eight (as in a square grid) neighbors (kernel) within a grain, 
provided any of these misorientations did not exceed 5°. It is considered as a measure of dislocation 
density and used is to correlate plastic deformation to misorientation within microstructure [185]. 
Figure 4.9 shows the kernel misorientation distribution obtained from the EBSD analysis at three 
different areas (Fig. 4.8(a)). Figure 4.9(a) represent the misorientation distribution for the base 
metal (points A Fig. 4.8(a)). The misorientation in the base metal is maximum at 0.2°.  Figure 
4.9(b) shows the misorientation distribution obtained from the top surface of the weld. It shows 
that misorientation is maximum at 0.5°. Figure 4.9(c) clearly shows a significant difference in the 
misorientation distribution in the weld metal cross section. It is maximum at 1° and reaches almost 
up to 4°. Generally deformed grains have higher dislocation densities and higher local 
misorientations within grains; as a result, the internal grain structure has uniform distribution of 
dislocation with the building up of a dislocation microstructure (186, 187). Thus, analyses of KAM 
in the three region shows that the amount of residual strain is higher within the WM cross section. 
Therefore, it can be concluded that dislocation density is higher in this region compared to the base 
metal.  
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Fig. 4.9. Average kernel misorientation distribution at (a) base metal (b) top weld surface and (c) 
weld metal cross section. 
 
4.1.4. Recrystallization fraction 
The effect of welding on recrystallization is shown in figure 4.10. Figure 4.10(a), 4.10(b) and 
4.10(c) shows the recrystallization fraction obtained from the EBSD analysis from the base metal, 
top surface of the weld and WM cross section respectively (Fig. 4.8(a)). The red and yellow marks 
level of stored energy due to accumulation of dislocation. Therefore difference in stored energy in 
materials are related to different fractions of recrystallization. Figure 4.10(a) shows that both 
recrystallization and recovery was predominant in most of the ferrite grains within the base metal 
This may be due to the thermomechanical processing (TCMP) of the base metal followed by 
annealing process which allows release of stored energy thereby higher fraction of recrystallization 
grains. A retention of some deformation structure can also be seen in Figure 4.10(a). The map 
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illustrate that some of these grains were deformed during hot rolling and full recrystallization was 
not possible [188]. Figure 4.10(b) shows some fraction of recrystallized material, however, it also 
shows that recovery took place during the process. The recrystallization experienced here may 
have happened due to remelting and solidification of the weld pool followed by the annealing 
process that was carried out to reduce the impact of the welding residual stress. It is therefore 
necessary to investigate the nature of residual stress developed in the top surface of the weld as 
well as at the cross section in other to fully understand the synergistic effect of welding and post 
weld heat treatment on the microstructure. Figure 4.10(c) indicates that deformed structure is found 
mostly in the mid weld cross section compare to the top surface of the WM and BM. This is an 
indication that the mid weld cross section has the largest stored energy and highest dislocation 
density. This observation can be related to cooling gradient and the impact of welding residual 
stresses between the different areas in the WM.  
 
Fig. 4.10. EBSD recrystallization fraction map at the (a) Base metal (b) weld top surface and (c) 
weld center cross sections. 
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4.1.5. Void distribution 
It is well known that the welding procedure used has an impact on density of porosity developed 
within the weld. And this porosity affect the mechanical property of the weld since they are able 
to act as crack initiation sites. Fig. 4.11 (a-b) shows the porosity distribution measured at 2mm 
interval within the weld metal cross section (Fig. 4.1). The voids are categorised into fine and 
coarse. Fig. 4.11(a) represent the fine void distribution. We can see that the density of fine voids 
is higher at the top surface and decreases with depth of the weld metal. Fig. 4.11(b) represent the 
coarse void distribution. It can be seen that the density of coarse void observed also decreases with 
depth of the weld metal. In comparison, the average volume fraction of fine void at each point is 
significantly higher compared to the coarse void. This implies that following solidification of the 
weld bead, significant volume fraction of small voids is developed which cannot be observed at a 
magnification of X500. This observation is in good agreement with the work of Pessoa [189] who 
observed that in multipass wet welds, the porosity distribution reduced along the weld depth when 
the individual weld beads were laid in the some direction. This changes in porosity distribution 
along the weld has been closely linked to the type of welding consumables used and the presence 
of hydrogen gas bubbles that become trapped during solidification of the weld metal [189, 190]. 
From observation, it may be concluded that the volume fraction of fine voids observed were higher 
compared to the coarse voids.  
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Fig. 4.11. Void distribution at (a) X500 magnification and (b) X2000 magnification weld cross 
section. 
 
4.2. TEM analysis  
TEM was used to investigate AF development in two different areas of the steel as shown in Fig. 
4.12. In order to understand the effect of welding heat on the microstructure of the HAZ region, 
TEM analysis was also carried out at this region. All our observations relate to the AF 
microstructure, inclusion characteristics and the HAZ.  
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Fig. 4.12. Schematic of the weldment cross-section indicating three subzones used for TEM 
investigation. 
4.2.1. Analysis of weld top 
A typical microstructure of acicular ferrite observed under TEM is shown in Fig. 4.13.  Fig. 4.13(a-
b) is the bright and dark film image of the weld top indicated as A (Fig. 4.12). As shown in this 
figure, the characteristic Inter-locking features of the acicular ferrite can be confirmed. 
Microstructure consists of ferrites lath or plates irregular in it shape and aligned in arbitrary 
directions. A close examination of the individual lath in the micrograph, shows that the individual 
lath contains a relatively high density of dislocations and fine precipitate at the boundaries. 
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Fig. 4.13. (a) bright and (b)dark film TEM micrograph of acicular ferrite microstructure in the 
top weld metal. 
It is well known that acicular ferrite is nucleated at inclusions. Fig. 4.14(a-b) shows the presence 
of inclusion within the weld microstructure. The figures show ferrite nucleating from inclusions. 
Although not all of the inclusions appear to be related to ferrite nucleation. However, as it was 
concluded by Lee et al [191] that as the width of ferrite grains increases during ferrite growth, it 
can sweep through other inclusions on the path of growth, thus such inclusions are consider non-
nucleant. Therefore, we may conclude that “sympathetic nucleation” played a dominant role in the 
development of the interlocking acicular ferrite network observed at the weld top in our present 
study. And this result is closely in agreement with the works of Ricks [111]. In general, the weld 
top is predominantly composed of acicular ferrite and fine bainite.  
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Fig. 4.14. (a) Bright and (b) dark field TEM micrograph showing nucleation of acicular ferrite 
from inclusion. 
4.2.1.1. Inclusion analysis 
To understand the type and morphology of the different types of inclusions, TEM images were 
taken. The inclusion particles were subsequently analyzed using EDS to understand their chemical 
compositions. Fig. 4.15 show TEM micrograph and the corresponding EDS analysis of inclusion 
observed in the WM. The size and morphology of an inclusion determines to a great extent its 
ability to be a ferrite nucleant [96]. The EDS map shows that the major elements present are A1, 
Si, O, Ti and Mn.  This suggests that the present inclusion is a mixture of SiO2–MnO–Al2O3 oxides 
containing a small amount of titanium [191]. 
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Fig. 4.15. EDS X-ray maps of one of the inclusions in the weld top showing the elemental 
composition to be Al, Si, Mn, Ti and oxygen. 
Fig. 4.16 shows TEM micrograph and the corresponding EDS analysis of the inclusions. Almost 
all of the inclusions observed were spherical in shape, with a size up to about 2µm. The figure 
shows that some of the ferrite laths appeared to be fanned outwards from the inclusions, these lath 
may be considered to be nucleated from these inclusions. The EDS map of the area show that the 
inclusions varied in sizes and are rich in A1, Si, O, Ti and Mn elements. The figure showed that 
the relative proportion of the major elements in each inclusion varied slightly but elements are 
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quite uniformly distributed throughout the inclusions regardless of the size. Therefore, it may be 
concluded that the major metallic elements combined with oxygen to give single phase oxide like 
the MnO–SiO2–Al2O3. This result is also consistent with the results of other authors [191]. 
 
Fig. 4.16. EDS X-ray maps of inclusions/particles showing that the type of inclusion was Al-Si-
Mn-Ti oxide particles. 
 
EDS analysis was carried out on two regions marked as 1 and 2 as shown in Fig. 4.17. From the 
figure, The EDS obtained from the WM marked region 2 shows that iron is the predominant 
element in this region reaching up to approximately 97% W/w. Manganese is also seen in small 
proportion of about 2%. There is a complete absence of oxygen. The EDS quant obtained from the 
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inclusion in the region marked 2 shows the presence of Al, O, Si, Ti and Mn. We can see that 
oxygen is predominant up to 45% in weight percentage while manganese is 21%. Aluminium, 
silicon and titanium are also found in the inclusions. It has been reported that the chemical 
composition of inclusions is a primary factor controlling their efficiency as nucleants of acicular 
ferrite. For example, the inclusions rich in aluminium have been observed to be more favorable in 
ferrite nucleation than those rich in manganese. However, this seems controversial as other 
researchers were unable to find any correlation between the amount of acicular ferrite and 
composition of inclusions [192, 193]. 
 
Fig. 4.17. EDS Quantitative analysis of weld metal and inclusion. 
 
4.2.2. Analysis of weld center 
A typical microstructure of acicular ferrite observed under TEM in the weld center (point B Fig. 
4.12) is shown in Fig. 4.18(a-b). It can be seen that the acicular ferrite laths or plates are shorter in 
length and more chaotic in it arrangement. They are also marked by the presence of high density 
of dislocations, which was noted to be significantly higher than at the weld top (Fig. 4.13(a-b). In 
this micrograph, one can see three inclusions surrounded by a number of ferrite laths emanating 
from the inclusions.  It appears that there are more inclusions available for ferrite nucleation in the 
weld center compare to the weld top. Hence, we can conclude that higher number of inclusions is 
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partly responsible for the short and chaotic arrangement of the ferrite lath observed in the weld 
center compare to the weld top.   
 
Fig. 4.18. (a) Bright and (b) dark film TEM micrograph of acicular ferrite structure in weld 
center showing high dislocation density. 
4.2.2.1. Weld center inclusions 
Inclusions within the weld center also varied in size. Fig. 4.19 shows the EDS map of the 
inclusions. The inclusions in this region are similar in composition and sizes to that observed at 
the top weld. From the map, we can see that Al, O, Si, Ti and Mn are the major elements in the 
inclusion. (Forming a single phase oxide within the MnO–SiO2–Al2O3 system). 
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Fig. 4.19 EDS X-ray maps of different inclusions at weld center showing that the type of 
inclusion was Al-Si-Mn-Ti oxide particles. 
 
4.2.3 Heat affected zone (HAZ) 
Bright and dark film TEM micrographs of HAZ are presented in Fig. 4.20(a)-(d). Fig. (a) and (b) 
show the morphology of ferrites in the HAZ. The microstructure around the HAZ region show that 
grain have different sizes and morphology depending on their distance from the fusion zone.  
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Fig. 4.20. (a), (c) bright and (b), (d) dark film TEM micrograph of different points in the heat 
affected zone showing general grain. 
 
Figure 4:21(a-b) represents the bright and dark field image of the HAZ. It shows that the ferrite 
microstructure in the HAZ is coarse-grained ferrite with small M/A and contain high density of 
dislocations. Figure 4.22(a-b) shows a close examination of the individual ferrite. It can be seen 
that the individual ferrite contains a relatively high density of dislocations and contain some 
martensite at the inter ferrite lath boundaries, observed as a darker phase. 
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Fig. 4.21. (a) Bright and (b) dark film TEM micrographs of HAZ showing coarse ferrite grains 
with M/A constituent (indicated by arrows) and high density of dislocations. 
 
 
Fig. 4.22. (a) Bright and (b) dark film TEM micrographs of individual ferrite showing martensite 
at the inter ferrite lath boundaries and dislocation arrangement. 
 
4.2.3.1. Analysis of HAZ inclusions  
Figure 4.23 Show TEM-EDS analysis of the inclusion/particles observed in the HAZ region 
corresponding to point C in figure 4.12. The figure also show the presence of high dislocation 
density. The EDS chemical analysis of the precipitates, shows that most of the particles are of 
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mixed composition containing Ti, Nb, C, N elements. In terms of particle size and density, the 
precipitate in the HAZ region appears to be smaller in size and fewer in number compare to that 
observed in WM region. Researchers have reported that Ti-Nb carbonitrides particles or oxide 
inclusions play a key role in grain growth control by pinning the austenite grain boundaries in the 
HAZ. Partial or complete dissolution of the Ti(Nb)N precipitates could occur during welding at 
temperature >1200ºC and cause the enrichment of Ti and Nb in the solid solution. However during 
cooling, the carbonitrides can also reprecipitate at the region adjacent to the fusion line in the 
ferrite phase which is capable of affecting the toughness of the HAZ microstructure [194, 195].   
 
Fig. 4.23. EDS X-ray maps of the inclusions at HAZ showing that the type of inclusion was 
(Ti,Nb)(C,N). 
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4.3 Residual stress 
Fig. 4.24 (a) and (b) shows the distribution of residual stresses across the top surface of the weld 
and the cross section of the WM respectively. Fig. 4.24(a) shows that the residual stress distribution 
on the surface of the weld metal was compressive. It reached about 800 MPa and showed a drastic 
decrease as one moves from the weld to the base metal. Fig. 4.24(b) shows that the residual stresses 
at the cross section of the weld were a mixture of compressive and tensile residual stresses such 
that compressive stresses were observed near the top surfaces, while tensile stresses were observed 
within the subsurface of the weld cross section. It is generally believed that welding produces 
tensile residual stress, and therefore require stress relief after the weld process [159, 165, 166] 
however, the presence of both tensile and compressive stresses have been observed in the past 
[167, 196]. In this study, compressive residual stresses were observed across the top surface of the 
weld while a mixture of compressive and tensile stresses were observed within the depth of the 
weld cross section. This could be due to the difference in cooling rate both at surface and 
subsurface of the weldment. Since the weld surface cools faster than the subsurface, the hard 
surface may constrain thermal shrinkage of the surface which could then result in compressive 
residual stresses on the surface of weld as well as tensile residual stresses at the subsurface of the 
weld cross section [172]. 
 71 
 
 
Fig. 4.24. (a) Residual stress distribution at weld top surface (b) residual stress distribution at weld 
metal cross section. 
4.4 Mechanical properties of weld 
4.4.1 Hardness 
Fig. 4.25 shows the hardness profile across the weld top surface. From the figure, the WM has a 
higher hardness value reaching 209Hv compare to HAZ  which has an average value of 173HV as 
well as the base metal with an average value of 187Hv, the variation in the stress across the weld 
may be attributed to several factors such as residual stresses developed just after welding. From 
the microstructural point of view, the high hardness in the weld may be attributed to the fine grain 
size, and the interlocking nature of the ferrite grains [179]. The relationship between hardness and 
grain size is given in equation (4.2)  
𝐻𝐻 = 𝐻𝐻𝐻𝐻 +  𝐾𝐾
√𝑑𝑑
                                                                                                                                        (4.2)                                                
H is the hardness, HO is a material constant, K is the strengthening coefficient and d is the grain 
size. 
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From equation (4.2), the hardness changes can be explained. One of the factors contributing to 
lower hardness in the HAZ zone is high heat input below it melting point and hence retention of 
heat in this region. The lower hardness in the HAZ might be explained by the intense grain growth 
in this region resulting from high heat input below it melting point [180, 197]. The results obtained 
are therefore consistent with the observed microstructure. 
There are few studies that reports the relationship of hardness with residual stress. However there 
are differences in the explanations depending on the materials and the stress states considered 
[198]. Although there are different parameters that affect hardness such as microstructure and 
phase composition, it is usually expected that the maxima in hardness should correspond to the 
maxima of compressive residual stress, since the hardness of the material is also a measure of 
dislocation density [198].  Therefore the observed hardness profile in the present weld samples do 
show a direct correlation with the residual stress.  
 
Fig. 4.25. Micro-hardness VHN as a function distance from the center of weld bead. 
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4.4.2 Hardness map and microstructure 
The map provide powerful data that will help understand the variation of hardness across different 
part of the weld due to microstructural variation caused by welding.  Fig. 4.26(a) shows the map 
macrograph. Fig. 4.26(b) and Fig. 4.26(c) shows the 2D harness map and 3D map respectively. 
Fig. 4.26(b-c) show significant differences in hardness value across the weld specimen. From the 
maps, the weld metal shows the highest hardness level. The hardness value of the base metal lies 
between 200-215 HV. Such high value can be attributed to fine grained microstructure. The 
hardness level of HAZ ranges between 180 -195HV. It shows a slight difference compared to that 
of the range for the BM, and is noticeably lower than that of the WM. It is well known that during 
welding, the HAZ does not experience melting rather, a changed of microstructure due to phase 
transformation at high temperature transformation of δ-Fe to γ-Fe is followed later by the γ-Fe to 
α-Fe. From the microstructural variation, it is therefore possible to conclude that this lower 
hardness level of HAZ compared to the BM hardness is as a result of slight HAZ softening 
phenomenon [199, 200]. 
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Fig. 4.26.  (a) The map macrograph (b) 2D hardness map and (c) 3D hardness map across weld 
surface. 
 
4.5 X-70 Pipeline weld in hydrogen environment 
4.5.1. Characteristics of crack initiation and propagation  
4.5.1.1  SEM analysis 
Fig. 4.27(a-b) shows clustering of blister and the formation of pitting in the hydrogen tested 
specimen. The appearance of blisters and pitting on the cross section of the samples and small 
internal cracks were observed after different charging times.  One can see that the pitting appears 
to be very aligned along weld region close to the heat affected zone. The sizes of the pitting 
increased with charging time as observed in the interval of 2hr to 24 hour charged specimen. Small 
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internal cracks were located within the sample around the pit with smaller cracks extending 
upwards towards the edges of the pits, providing pathways for cracks to connect.  
 
Fig. 4.27. (a) and (b) SEM images showing well aligned localised pitting. 
 
Figure 4.28 show the SEM image of pit initiation from inclusion. Figure 4.28(a) shows the 
development of three independent pits originating from inclusion. One can see that the initiation 
and propagation of cracks formed from the pits. These pits coalesce to form small crack that is 
able to propagate by further coalescence with other neighbouring pit. Figure 4.28(b) shows the 
coalescence of several pits to form a small continuous crack. It has been well studied that Cracks 
in HIC can initiate at sites that are related to non-metallic inclusions [126, 201, 202]. Non-metallic 
inclusions and some forms of surface discontinuity or surface defects are able to accumulate 
hydrogen which is able to exert significant influence on pits and micro crack initiation. However, 
the crack propagation has been found to be greatly affected by the overall spatial distribution of 
the small cracks [203]. Such that spacing between individual neighbouring cracks affects crack 
interaction and coalescence.  The process of crack initiation and the eventual linking of small crack 
have been proposed in order to provide possible explanation to the mechanism of initiation, 
coalescence and growth of the cracks [204, 205].  
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Fig. 4.28 (a) development of pit from inclusion (b) coalescence of pits to form micro-crack. 
 
Figure 4.29(a-b) show typical cases of small propagating cracks initiating from surrounding pits 
for the 24 hour charged specimen. The direction of the cracks appears to be perpendicular to the 
polished surface. It well known that HIC cracks can nucleate from non-metallic inclusion and 
structural defects, However, many cracks did not contain any identifiable inclusions, this may be 
due to the fact that some of the inclusions may have fallen off during ultrasonic cleaning of 
specimen or it may well be concluded that some of the initiation sites for pits may have been 
facilitated by many voids developed due to welding strain and morphology of the ferrite grains. 
 
Figure 4.29. SEM images of crack propagation in the 24 hour charged specimen. 
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4.5.1.2  EBSD investigation on HIC crack region 
Figure 4.30(a-b) show the band contrast image with imposed grain boundary angle and EBSD 
map. In figure 4.30(a) we see that the grains in the WM have high angle grain boundaries while 
the HAZ have predominantly low angle boundaries. Fig. 4.30(b) show that the grains in the heat 
affected zone is larger due to welding heat. The weld metal region comprise mainly of acicular 
ferrite in packets or colonies where each packets have small grains with similar crystallographic 
orientation. The band contrast image and the EBSD map show that the grains in the region of 
pitting appears to be elongated in shape. The map shows that the aligned pitting were observed in 
this region of elongated grain. It is known that grain size, shaped and morphology have influence 
on hydrogen diffusion and as a result have a pronounced effect on HIC cracks in pipeline steel. 
We can conclude that the small grain size resulted in many grain boundaries leading to high 
diffusion of hydrogen. The presence of elongated grains suggest that the localised pitting may have 
been facilitated by the size and morphology of the grains within this region. 
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Figure 4.30. (a) band contrast image and (b) EBSD map of pitting region. 
 
Fig. 4.31 shows the kernel average misorientation (KAM) over the region of aligned hydrogen 
attack in the HIC tested weld specimens. KAM is used to represent the average misorientation 
between a given point and its nearest neighbors which belongs to the same grain [186]. It is an 
indirect measure of dislocation density and, as a result, can be used to assess the local plastic strain 
developed in the pipeline due to welding operation. The map shows an inhomogeneous distribution 
of dislocation in this region however, it can be seen that the dislocation accumulation is more 
pronounced in the area of HIC with elongated grain. It is therefore likely the dislocations can 
increase the HIC susceptibility by trapping of hydrogen atoms at their interfaces with metal matrix. 
These trappings sites could facilitate crack propagation. The high KAM values in the region of 
hydrogen attack in the specimen, allows to make a conclusion that the dislocation density is higher 
in these region. Therefore, we can say that the HIC occurrence has been majorly driven by the 
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presence of higher dislocation density in this region. This result is consistent with the observations 
of other researchers [121]. 
 
Figure 4.31. Kernel average misorientation (KAM) map of the pitting region. 
 
Fig. 4.32(a)-(b) shows the EBSD and phase map of the EBSD scan on the crack part observed at 
the HAZ. Fig. 4.31(a) shows that the HIC crack propagation was predominantly transgranular 
through grains with {123} plane orientation, although few intergranular cracks along boundaries 
of grains with {110}, {111} and {112} planes were observed. Fig. 4.32(b) show the phase 
composition map. The BCC phase is marked with blue while red represent FCC phase. It can be 
clearly seen that the crack propagation path is entirely through the BCC phase. The crack appears 
to change it path by going around the FCC phase. However, there is no sufficient evident to explain 
this observation as not much FCC phase was observed in the microstructure in our present study.  
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Fig. 4.32. (a) EBSD orientation map and (b) phase maps from the HIC crack in the HAZ. 
 
4.5.2 Effect of hydrogen-charging on stress-strain behavior of the steel welds 
4.6.2.1 Tensile experiments 
Hydrogen charging produces appreciable changes in local stress, dislocation density and generated 
HIC cracks. In order to evaluate the effect of these changes on mechanical properties, a tensile test 
in a direction perpendicular to the weld weas performed. Fig. 4.33 shows the effect of hydrogen-
charging on stress-strain behavior of the steel for hydrogen-charged X70 steel. As shown in this 
figure, there is no difference between curves at lower strains. However, a large difference is 
observed with the increase of the tensile load. The as received sample showed a considerable level 
of elongation before fracture while the specimens charged in hydrogen environment fracture way 
early without considerable elongation. The figure showed that samples charged in the hydrogen 
environment at different charging times fractured at different strain. From the figure, we can see 
that the deformation response of the samples charged in hydrogen environment to tensile load 
reduces with charging time. The 10 hour charged specimen showed the lowest elongation at failure 
compared to other charging times. Necking of the specimens decreased significantly as charging  
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Fig. 4.33. Effect of hydrogen charging time on tensile properties of X70 weld steel. 
 
time increased and no clear evidence of necking was observed in the 2 and 10 hour charged 
specimen. Based on these results, it is clear that the ductility decreased as charging time increases 
from 5 minutes to 10 hours. This shows that the X70 steel welds are highly susceptible to hydrogen 
embrittlement with increasing charging time. This result is in agreement with the work by Don 
[139]. It is well known that hydrogen atoms diffuse and accumulate at different structural defects 
such as such as inclusions, dislocations etc., and further aggregation of hydrogen at these sites 
results in a high internal pressure, resulting in the initiation of local micro-cracks. As demonstrated 
in this work, the reduction in ductility would be as a result of increase in the concentration of 
hydrogen with increase in charging time. The accumulated hydrogen atoms lowers the work 
necessary for initiation of fracture since hydrogen is capable of increasing the rate of local 
dissolution at the crack tip and this decrease surface of the newly formed planes [206, 207]. 
Normally the tensile stress facilitates the crack growth by the increase of stress concentration factor 
at various structural defects.  
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4.5.2.2 Fractured surfaces 
Figs. 4.34(a-f) show the fracture surfaces of X70 steel weld specimens. The fracture surface 
morphology of the specimen without hydrogen charging was 100% ductile with numerous fine 
dimples in the fracture surface which is considered a sign of ductile fracture (Fig. 4.34(a)). 
Moreover, a considerable amount of necking was observed during deformation. After charging for 
5 minutes, the fracture surface were still predominantly ductile and shows evidence of dimples. 
This specimen also show some necking during deformation (Fig. 4.33(b)).  Fig. 4.34(c) shows the 
fracture surface for the 15 minutes hydrogen charged specimen. It shows the presence of dimples, 
however fine dimples are not observed as in previous images.  After 30 minutes charging, the 
fractured surface shows mixed rupture (Fig. 4.34(d)), indicating areas of ductile and brittle rupture. 
The 2 hour charged specimen shows that the characteristics of failure was completely brittle. (Fig. 
4.34(e)). Fig. 4.34(f) shows the fracture surface of the 10 hour charged specimen. It also shows a 
completely brittle transgranular fracture.  
 
Fig. 4.34. SEM images of fracture surfaces for (a) uncharged specimen tensile-tested and 
hydrogen charged for (b) 5 minute (c) 15 minute (d) 30 minutes (e) 2 hour (f) 10 hour. 
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4.5.3 Role of microstructure in tensile deformation and failure 
During the tensile test experiment, it was observed that failure occurred within the HAZ of the 
weld sample. This suggests that the microstructure in this region contributed to the failure.  In 
order to clearly understand the role of microstructure on failure, EBSD scan was carried out at the 
weld and base metal interface. Fig 4.35(a) shows the EBSD map of the WM/BM interface. The 
microstructure at the WM is finer compared to the HAZ. This observation is consistent with our 
previous discussion in section 4.1. It is well known that grain size and morphology play an 
important role in HIC phenomena. It was observed that fine grains provide larger misorientation 
of grain boundaries, and as a result reduce the mobility of hydrogen at nodes or triple junctions 
and decrease the hydrogen diffusion through the bulk structure of the steel [208]. Ichimura et al 
[209] observed that hydrogen diffusion increases with increase in the grain size since large grains 
are capable of providing main free path for hydrogen. Yazdipour [210] concluded that the highest 
diffusion rate of hydrogen in pipeline steels is obtained at an optimum grain size. Therefore it may 
be concluded that large grains are directly related to hydrogen diffusion as observed by [209]. The 
results presented in Fig 4.35(b) shows the KAM map for the WM/HAZ interface. Again, it can be 
seen that the dislocation accumulation is more pronounced in the HAZ region. The effect of 
dislocation on HIC susceptibility has already been explained in section 4.5.1.2. The high KAM 
values in the region made it possible to conclude that the HAZ is more prone to HIC susceptibility 
than the weld due to the presence of higher dislocation density in this region. Therefore, it can be 
concluded that both the intense grain growth experienced in HAZ and the presence of high 
dislocation density jointly affected the susceptibility of the steel weld to HIC under tensile load. 
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Fig. 4.35. (a) EBSD scan map and (b) Kernel average misorientation (KAM) map of the fracture 
region. 
 
 
4.5.4. Effect of inclusions on crack initiation 
Inclusions depending on their size, shape and coherency with the matrix are potential sites for 
initiation of failure. Fig. 4.36(a-b) show the inclusions on the fracture surface of the uncharged 
and 5 minutes hydrogen charged specimen. EDS analysis of the inclusion (indicated with red) is 
shown in Fig. 4.36(c). It indicates that the particles are Nb and Ti-rich.  Suggesting that they are 
probably NbTi carbonitrides. It is difficult to conclude if the crack initiation can be a result of 
hydrogen/carbonitride interaction. However, many authors favor coarse oxide and MnS inclusions 
rather than fine NbTi precipitate to be an effective hydrogen trapping site [211, 212]. Ren [213] 
reported that carbonitrides of Nb and Ti can are less likely trap for hydrogen compared to oxide 
inclusions. Due to the presence of precipitates at center of dimples on fractured surfaces, we may 
conclude that hydrogen was trapped at the Ti,Nb)(C,N) precipitates  during charging and 
effectively act as crack nucleation site under tensile load.  
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Fig. 4.36. (a) and (b) SEM image of mixed oxide inclusions observed in the fracture surfaces of 
tensile tested specimens and (c) EDS scan on one of the inclusions/particles showing that the 
type of inclusion contains Ti, Nb, C, N elements. 
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CHAPTER FIVE 
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
5.1 Summary 
The effect of submerge arc welding on microstructure and mechanical properties of weld was 
investigated in this work. Different characterization techniques such as optical microscope, 
Electron backscattered diffraction (EBSD), X-ray diffraction and Transmission electron 
microscope (TEM) were applied to investigate the microstructure in the weld metal and heat 
affected zone. Experiments were carried out to understand the effect of hydrogen on mechanical 
property as well as a role of microstructure on HIC susceptibility in the steel weld. It was found 
that the base metal consist of equiaxed ferrite grains while the weld metal consist of mainly acicular 
ferrite and fine bainite with Al-Si-Mn-Ti oxide particles/inclusions. The heat affected zone 
microstructure is coarse-grained and varied with distance from the fusion zone. It mainly consist 
of coarsened ferrite and martensite with NbTi(CN) precipitate/particles. EBSD and TEM analysis 
showed that dislocation density was higher at the weld metal cross section compare to the weld 
top surface and the base metal. This indicates that the amount of welding residual strain is higher 
at the weld metal cross section. Compressive residual stresses were formed due to welding at the 
weld top surface while a mixture of tensile and compressive stress were observed in the weld cross 
section. HIC experiment showed that grain morphology and Al-Si-Mn-Ti inclusions/particles 
influenced pitting formation, that we considered nucleation sites for cracks in the weld zone. The 
cracks observed in the heat affected zone were found to be both transgranular and intergranular. 
The cracks in the weld were observed to propagate by coalescence of smaller pits to form micro 
cracks. The tensile test demonstrated that the ductility in the steel weld decreased with increasing 
charging time under tensile load. The result showed that the intense grain growth in the HAZ and 
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the high dislocation have a synergistic effect on the susceptibility of the steel weld to HIC under 
tensile load.  
5.2. Conclusions 
Based on the characterization of structure carried out with EBSD, TEM, EDS, X-ray diffraction, 
optical microscopy and mechanical testing experiments simulating HIC enviroment, the 
following conclusions may be drawn from this research.  
1. The weld metal microstructure has acicular ferrite grains formed in packets which have 
certain crystallographic orientation but contain submicron grains arranged in a chaotic 
interlocking manner. TEM and EDS observation show that most of the inclusions in the 
weld metal have spherical shape and containing Al, O, Si, Ti and Mn. The acicular ferrite 
nucleation was seen to originate from these inclusions.  
2. The weld microstructure and porosity distribution at the cross section of the weld varied 
with depth in the weld metal cross section. The kernel average misorientation (KAM) 
analysis of the base metal, weld top surface and weld cross section showed that the amount 
of welding residual strain was higher within the weld metal cross section. The 
microstructure of the HAZ was found to be coarse grained and changes with distance from 
the fusion zone. It consists mainly of ferrites and bainite. The precipitates are of mixed 
composition and contains Ti, Nb, C, N elements. The HAZ microstructure also shows the 
presence of high density of dislocations 
3. The hardness values of the base metal, weld metal and heat affected zone show a direct 
correlation to the microstructure and show that the grain size has an important effect of 
hardness.  
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4. The cracks initiated in the weld from hydrogen related localized pitting associated with Al-
Si-Mn-Ti oxide inclusions. The crack propagation mechanism involve coalescence of 
smaller pits to form micro cracks. The HIC crack propagation in the HAZ was both 
transgranular through grains with {123} planes and intergranular crack along boundaries 
of {110}, {111} and {112} oriental grains. 
5. The ductility in the steel weld decreased as hydrogen charging time increased. Fine dimples 
were observed on surfaces of uncharged tensile-tested specimen. This observation show 
that fracture was 100% ductile in uncharged specimen while hydrogen charged specimens 
showed a mixture of ductile and brittle failure and completely brittle fracture for charging 
time exceeding 2 hours. 
6. All of the specimen fractured at the heat affected zone. This shows that the grain growth 
experienced in the HAZ and the presence of high dislocation density jointly affected the 
susceptibility of the steel weld to HIC under tensile load.  
5.3. Recommendations for future work 
1. The study should be done for different welding parameters in order to evaluate direct 
correlation with welding process. 
2. Study the effect of crystallographic texture on HIC susceptibility of the weld metal should 
be done.  
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